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Considerable work has been done on composite solid 
electrolytes (CSEs) since the anomalous increase in the 
conductivity was discovered by Liang in LiKAl^O^) composite 
system in 1973. The phenomenon has since been observed in a large 
number of systems involving matrix phases that exhibit Schottky 
(TlCl, LiCl, LiBr, Lil etc.) and Frenkel (AgCl, AgBr, Agl , CuCl, 
CaF^, etc. ) disorders, and a variety of dispersoids such as Al^O^, 
SiO^, CeO^, ^^^2' etc. Almost all the models proposed to 
explain the enhancement in conductivity presume the formation of a 
high conducting space charge layer at the matrix/dispersoid 
interface. However, the exact mechanism of formation and the 
characterization of the space charge layer are still subjects of 
intensive research. 

The present work reports a systematic study of the composite 
solid electrolyte effect on some cationic and anionic conductors. 
Lead halides which are anionic conductors, have been chosen 
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because unlike most other CSEs, PbCl^-Al^O^ composites are 
reported to show a decrease in the conductivity. Alkali halides 
have been chosen because though the studies on CSEs are numerous 
and vigorous, the alkali halide based composites with the 
exception of lithium salts have not been investigated seriously. 
These may be more suitable materials to study the conduction 
mechanism in CSEs because they (i) generally do not undergo any 
solid-solid phase transition at ambient pressure, except cesium 
salts, and thus they provide a wider temperature range of study, 
(ii) have point defect (Schottky) type disorder having low 
concentration of defects thus show extrinsic effects appreciably, 
and (iii) are less hygroscopic except lithium salts. CsCl has been 
chosen because both of its B1 and B2 phases are normal ionic 
conductors. Thus the effect of Al^O^ on the phase transition can 
also be studied besides the composite solid electrolyte effect. 

Chapter one reviews the historical development and 
classification of solid electrolytes. Besides, the properties of 
CSEs and different conduction mechanisms proposed to explain the 
enhancement in conductivity are discussed in this chapter. 

Chapter two deals with the theoretical aspects of complex 
impedance analysis and general theory of ionic conductors. Also 
included in this chapter are the theory of heterogeneous doping as 
given by Jow and Wagner and developed by Maier and the Random 
resistor network percolation model. 
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Various synthesis and characterization techniques employed in 
the present work have been described in Chapter three. The details 
of the Conductivity set-up, Impedance analyzer, X-ray 
diffractometer, Differential thermal analyzer and Scanning 
electron microscope are given in this chapter. The conventional 
and solution casting methods of sample preparation have been 
described. 

Chapters 4, 5 and 6 form the results and discussion part of 

the thesis. Chapter four presents the results of various 

measurements (XRD, DTA , SEM and Conductivity) on the PbX^-Al^O^ 

(X = Cl, Br, I) composite systems. Pbl^-Al^O^ composites show 

enhancement in conductivity, whereas PbCl^-Al^O^ and PbBr^-Al^O^ 

composites show lowering in conductivity over their respective 

pure phases. These anomalous results are discussed in view of the 
2 + 

fact that Pb ions are virtually immobile in PtjCl^ and PbBr^ 
whereas their mobility is appreciable in ^^^ 2 ' 

Chapter five presents the results for MCl-Al^^O^ (M = Na,K,Rb) 
composite systems. The composites containing up to 50 m/o ^^ 2^3 
have been synthesized by conventional and solution casting methods 
having three different particle sizes of Al^O^. The samples 
prepared by solution casting method show better conductivity 
results than those prepared by conventional method. The dependence 
of conductivity on composition, particle size and processing 
supports the space charge theory of conduction in CSEs. The 
calculated values of conductivity for different concentrations and 
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particle sizes of ^^ 2^3 been found to be in agreement with 
the observed values, suggesting the validity of Maier’s theory. 
Macroscopically, the Random resistor network model explains the 
observed results adequately. 

The conduction characteristics of CsCl-Al^O^ composites have 
been discussed in chapter six. The presence of space charge layer 
is evident in this system. Though the well known B1 (NaCl) < — > B2 
(CsCl) structural phase transition in CsCl is detected by the DTA 
of CsCl-Al^O^ composites, it is conspicuous by its absence in the 
conductivity vs temperature studies. This apparent suppression of 
Bl< — >B2 transition in the CsCl-Al^O^ composites in the ct'- T plots 


has been 

attributed to 

the 

fact 

that 

the conduction 

in 

the 

composites 

is dominated 

by 

the 

space 

charge region 

at 

the 


matrix-particle interface, and thus remains unaffected by the 
phase transition occurring in the bulk of the matrix phase. 

Finally the summary and conclusions are given at the end. The 
following conclusions have been drawn from this work : 


1. The conduction mechanism in the CSEs essentially involves the 
matrix-particle interface. 

2. The anomalous results on attributed 
to the fact that the mobility of Pb ions is negligible in 
comparison to that of Cl and Br ions in PbCl^ and PbBr^ but 
comparable to that of I ions in P^^ 2 ’ conformity with 
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the interface mechanism. 

3. The enhancement in conductivity is attributed to the excess 
cation vacancies generated in the space charge region in the 
matrix phase surrounding the Al^O^ particles as a consequence of 
the stabilization of cations at the dispersoid due to internal 
adsorption. The samples prepared by solution casting method 
exhibit higher conductivity. These results are attributed to the 
increased rate of stabilization of cations at the interface during 
processing. NaCl-(30-40) m/o Al^O^ composites prepared by solution 

-4 -1 

casting method show a conductivity of the order of 10 ohm cm 
at 300°C. 

4. The fact that the conductivity in CsCl-Al^O^ is totally 
unaffected by the .BU — >B2 transition provides additional concrete 
evidence for the conduction through interfacial mechanism. 

5. The results obtained for various composite systems are 
consistent with the Random resistor network model. The agreement 
between the observed and calculated results suggests that the 
Maier's theory of heterogeneous doping provides a satisfactory 
description of interfacial mechanism of conductivity enhancement. 



Dedicated 

to 

the fond memory of 
my 

beloved Parents 



ACKNOWLEDGEMENT 


I express my deep sense of gratitude to Professor K. Shahi 
who introduced me to the subject of composite solid electrolytes, 
for his consistent and meticulous guidance throughout the course 
of the present work. 

I wish to acknowledge my deep regards for Prof. D.C. Agrawal, 
Prof. Jitendra Kumar and Prof. K.N. Rai of the department for 
their support and encouragement. 

I would like to thank my colleagues and friends Dr. P 
Manoravi, Dr.SuJata Chaklanobis, Ms. Shiuli Gupta, Dr. G. Mangama, 
Mr. S.V. Sharma, Mr. Subhash Chand, Mr.V.P.N. Padmanabhan, Mr.AJai 
Garg, Mr.Shantanu Bhattacharya and Mr.Subashish Mazumdar for their 
kind cooperation. 

I am grateful to the staff members of the Institute Mr. J. N. 
Sharma, Mr. Vishwanath Singh, Mr. B.K. Jain, Mr. B. Sharma, Mr. 
Umashankar Singh, Mr. P.K. Paul, Mr. U.S. Lai and Mr. Jawar Singh 
for their technical and non-technical help in the present work. 

Sincere thanks are also expressed to friends like Anup Kumar 
Verma, K.M. Dixit and Shiv Narayan who made my stay at I.I.T. 
Kanpur a memorable one. 

Finally, my deepest thanks to my wife, Jyotsna for her 
forbearance and help. 


Ashok Kumar 


X 



CONTENTS 


PAGE 

LIST OF FIGURES xv 

LIST OF TABLES xxi 

CHAPTER - 1 INTRODUCTION 1 

1.1 Historical Developments 1 

1.2 Solid Ionic Conductors 4 

1.3 Classification of Solid Ionic Conductors 7 

1.3.1 Based on Magnitude of Conductivity 8 

1.3.2 Based on Type of Charge Carriers 9 

1.3.3 Based on Phase Transitions 10 

1.3.4 Based on Structure 11 

1.4 Composite Solid Electrolytes 14 

1.4.1 Homogeneous Doping 14 

1.4.2 Heterogeneous Doping 16 

1.5 Properties of Composite Solid Electrolytes 17 

1.6 Conduction Mechanisms in Composite 21 

Solid Electrolytes 

1.6.1 Interface Mechanisms 21 

1.6.2 Matrix Mechanisms 27 

1.7 Statement of the Problem 31 

CHAPTER - 2 THEORETICAL ASPECTS 34 

2.1 Complex Impedance Analysis 34 

2.2 General Theory of Ionic Conductors 39 

2.3 Theory of Composite Solid Electrolytes 44 

2.3.1 Jow and Wagner (1979) Model 46 

xi 



xii 


2.3.2 Haler' s Theory of Heterogeneous Doping 52 

2.3.3 Random Resistor Network (Percolation) Model 62 

CHAPTER - 3 EXPERIMENTAL DETAILS 72 

3.1 Starting Materials 72 

3.2 Sample Preparation 72 

3.2.1 Conventional Method 73 

3.2.2 Solution Casting Method 74 

3.3 Furnace and Temperature Controller 75 

3.4 Sample Holder 75 

3.5 Impedance Analyzer 77 

3.6 Differential Thermal Analyzer (DTA) 79 

3.7 X-ray Diffraction (XRD) 81 

3.8 Scanning Electron Microscopy (SEM) 82 


RESULTS AND DISCUSSION 


CHAPTER 

- 4 PbX^ -AI 2 O 3 = Cl, Br; I) SYSTEMS 

83 

4. 1 

PbCl^- System 

84 

4. 1. 1 

Differential Thermal Analysis 

84 

4. 1.2 

X-ray Diffraction 

86 

4.1.3 

Scanning Electron Microscopy 

86 

4. 1.4 

Conductivity versus Composition 

86 

4.1.5 

Conductivity versus Temperature 

92 

4.2 

PbBr2-Al202 System 

95 

4.2. 1 

Differential Thermal Analysis 

95 

4.2.2 

X-ray Diffraction 

95 



xiii 


4.2.3 Scanning Electron Microscopy 98 

4.2.4 Conductivity versus Composition 98 

4.2.5 Conductivity versus Temperature 102 

4.3 Pbl^-Al^O^ System 104 

4.3.1 Differential Thermal Analysis 104 

4.3.2 X-ray Diffraction 106 

4.3.3 Scanning Electron Microscopy 106 

4.3.4 Conductivity versus Composition 109 

4.3.5 Conductivity versus Particle Size 117 

4.3.6 Conductivity versus Temperature 121 

4.4 Summary and Conclusions 125 

CHAPTER -5 MCI - (M = Na, K, Rb) SYSTEMS 128 

5.1 NaCl-Al^O^ System 130 

5.1.1 X-ray Diffraction 130 

5.1.2 Differential Thermal Analysis 130 

5.1.3 Scanning Electron Microscopy 133 

5.1.4 Conductivity vs Composition 133 

5.1.5 Conductivity vs Particle Size 142 

5.1.6 Conductivity versus Temperature 147 

5.2 KCl-Al^O^ System 150 

5.2.1 X-ray Diffraction 150 

5.2.2 Differential Thermal Analysis 150 

5.2.3 Scanning Electron Microscopy 153 

5.2.4 Conductivity vs Composition 153 

5.2.5 Conductivity vs Particle Size 160 



xiv 


5. 2. 6 

Conductivity versus Temperature 

164 

5.3 

RbCl-Al^O^ System 

168 

5. 3. 1 

X-ray Diffraction 

168 

5. 3. 2 

Differential Thermal Analysis 

168 

5. 3. 3 

Scanning Electron Microscopy 

168 

5. 3. 4 

Conductivity us Composition 

172 

5. 3. 5 

Conductivity vs Particle Size 

177 

5. 3. 6 

Conductivity vs Temperature 

180 

5.4 

Summary and Conclusions 

184 

CHAPTER 

- 6 CsCl-Al^Og SYSTEM 

186 

6. 1 

X-ray Diffraction 

187 

6.2 

Differential Thermal Analysis 

187 

6.3 

Scanning Electron Microscopy 

190 

6.4 

Conductivity versus Composition 

190 

6.5 

Conductivity versus Temperature 

195 

6.6 

Summary and Conclusions 

201 


SUMMARY AND CONCLUSIONS 

REFERENCES 

LIST OF PUBLICATIONS 


203 

206 

215 



LIST OF FIGURES 


FIGURE FIGURE CAPTION 

NO. 


1.1 Conductivity (logcr) vs composition (m/o of 

dispersoid) for various composites. 


2 . 1 

2.2 


2.3 


2.4 


2.5 


2.6 


2.7 


2.8 


Various impedance behaviors observed in solid 
electrolytes. 

(a) Schematic cross sectional view, (b) defect 
concentration profile and, (c) average excess 
charge density in space charge layer for a 
single Al^O^ particle dispersed in a matrix. 

Concentration profiles for cation vacancies and 
interstitials in a Frenkel disordered material 
from the free surface, and surface in contact 
with a second phase into the interior of the 
crystal . 

A crystal MX in contact with a second phase ‘A’ . 

(a) Particle of a second phase 'A* embedded in a 
crystal MX surrounded by a space charge layer 
and (b) coherent spheres of phase ‘A* forming 
cross chains. 

Insulating material embedded in a poor conductor 
(a) for a square and, (b) for a simple cubic 
lattice. 

The two phase mixture on a square lattice for 

different concentration p of insulating material 

(a) p < p' Ab) p = p\ (c) p = p* * and, p > p" * . 

c c c c 

The normalized conductivity as a function of 

concentration (p) for different hopping rates. 


PAGE 

19 

37 

50 

56 

56 

61 

65 

65 

68 


XV 



2.9 

2 . 10 

3. 1 

3.2 

3.3 

4.1 

4.2 

4.3 

4.4 

4.5 

4.6 


XV i 

The random resistor network model for 70 

concentration p = 0.375 for different particle 
sizes (a) s = 1, (b) s = 2 and, (c) s = 4. 

Diffusion coefficient as a function of 70 

concentration (p) for different hopping rates 
(t) with different particle sizes (a) s = 1, (b) 
s = 2 and, (c) s = 4. 

Sample holder for electrical conductivity 76 

measurement. 

(a) Experimental set-up and (b) block diagram 78 

for measurements. 

Differential Thermal Analyzer set-up (Linseis 80 

model L62). 

DTA curves for PbCl^ (a), and PbCl^-OO m/o Al^O^ 85 

composite prepared by method I (b), and method 
II (c). 

XRD patterns for PbCl^-SO m/o Al^O^ samples 87 

prepared by method I and method II. 

SEM micrographs for (a) PbCl^ and, (b) PbCl^-SO 88 

m/o Al^O^ composite sintered at 450^C. 

log(cr) vs composition (m/o of Al^O^) for 90 

PbCl^^-Al^O^ composites at three different 
temperatures. 

logCcr) vs 10^/T for various PbCl^-Al^O^ 93 

composites. 

DTA curves for PbBr^ (a), and PbBr2“30 m/o Al^O^ 96 

composite (b). 

XRD patterns for PbBr^-OO m/o Al^O^ prepared by 
method I and method II. 


4.7 


97 



xvii 


4.8 

4.9 

4.10 

4.11 

4.12 

4. 13 

4. 14 

4.15 

4. 16 

4.17 

4. 18 

4.19 


SEM micrographs for (a) PbBr^ and, (b) PbBr^-SO 
m/o Al^O^ composite sintered at 350°C. 

Conductivity vs composition (m/o of Al^O^) 
for PbBr^-Al^O^ system at three different 
temperatures. 

3 

log(cr) vs 10 /T for various PtBr^-Al^^O^ 
composites. 

DTA curves for Pbl^ (a), Pbl 2 ““ 30 m/o Al^O^ 
prepared by method I (b), and method II (c). 

XRD patterns for Pbl2”30 m/o Al^^O^ samples 
prepared by method I and method II. 

SEM micrographs for (a) Pbl^ and, (b) Pbl2“30 
m/o Al^O^ composite sintered at 320^C. 

Complex impedance plots for Pbl^ ^it different 
temperatures. 

log (or) VS 10^/T for Pbl^ and Pbl^-SO m/o Al^O^ 
prepared by method I and method II. 

Conductivity vs composition (m/o of Al^O^) for 
Pbl^^-Al^O^ composites at three different 
temperatures. 


Normalized conductivity (cr/cr^) vs inverse 
particle size of Al^O^ for Pbl2'-30 m/o Al^O^ 
composite at three different temperatures. 


log(cr) vs 10 /T for various 
composites. 


Pbl^-Al^O^ 


logicr) vs 10 /T for Pbl^ and PbI^-30 m/o Al^O^ 
composites with as-received and NaOH-treated 

AI2O3. 

log(cr) vs 10^/T for Pbl 2 and Pbl^-SO m/o Al^O^ 
composites with different particle size of 

AI2O3. 


99 

100 

103 

105 

107 

108 

110 

111 

113 

119 

122 

124 


4.20 


126 



xviii 


5.1 XRD patterns for NaCl-40 m/o samples (a) 131 

before and, (b) after heat treatment at 750^C. 

5.2 DTA curves for NaCl-40 m/o composite (a) 132 

pre-heated and, (b) after heat treatment at 
750°C. 

5.3 SEM micrographs for (a) NaCl and, (b) NaCl-30 134 

m/o Al^O^ composite sintered at 750*^C. 

5.4 logCcr) vs composition (m/o Al^O^) for NaCl-Al^O^ 135 

composites at three different temperatures. 

5.5 log(cr) vs composition (m/o Al^O^) for NaCl-Al^O^ 136 

composites at SOO^C for three different particle 

sizes of Al^O^. 

5.6 Normalized conductivity (cr/cr ) vs inverse of 144 

o 

particle size of Al^O^ for NaCl"-30 m/o Al^O^ at 
three different temperatures. 

5.7 Conductivity as a function of temperature 148 

inverse for various NaCl-Al^O^ composites. 

5.8 log((r) vs 10^/T for NaCl-30 m/o Al^O^ samples 149 

prepared by conventional and solution casting 
methods. 

5.9 XRD patterns for KC1“40 m/o Al^O^ samples (a) 151 

pre-heated and (b) post-heated at 650^C. 

5.10 DTA plots for KCl“-40 m/o Al^O^ (a) pre-heated 152 

and (b) post-heated at 650^C. 

5.11 SEM micrographs for (a) KCl and (b) KCl-30 m/o 154 

Al^O^ composite sintered at 650*^C. 

5.12 log(<r) vs composition (m/o Al^O^) for KCl-Al^O^ 155 

composites at 500^C for three different particle 

sizes of Al^O^. 

S.13 Normalized conductivity (cr/cr^) vs inverse 162 

particle size of Al^O^ for KCl-45 m/o Al^O^ 
composite at three different temperatures. 





xix 

5. 14 

log(cr) vs 10^/T for various KCl-Al^O^ 
composites. 

165 

5. 15 

3 

Conductivity vs temperature inverse for KCl-45 

m/o samples prepared by conventional and 

solution casting methods. 

167 

5. 16 

XRD patterns for RbCl - 40 m/o Al^O^ (a) 
pre-heated (b) post-heated at 600^C. 

169 

5.17 

DTA curves for (a) pure RbCl (b) RbCl-40 m/o 
Al^O^ samples. 

170 

5. 18 

SEM micrographs for (a) RbCl and (b) RbCl-30 m/o 
Al^O^ composite sintered at 600^C. 

171 

5. 19 

log(<r) vs composition (m/o Al^O^) for RbCl-Al^O^ 
composites at SOO^C for three different particle 
sizes of Al^O^. 

173 

5.20 

Normalized conductivity (cr/cr ) vs inverse 
particle size of Al^O^ for RbCl-40 m/o Al^O^ 
composite at three different temperatures. 

178 

5.21 

Conductivity vs temperature inverse for various 
RbCl-Al^O^ composites. 

181 

5.22 

3 

logCcr) vs 10 /T for RbCl-40 m/o Al^O^ composites 
prepared by conventional and solution casting 

methods. 

183 

6. 1 

XRD patterns for CsCl-40 m/o Al^O^ composite 
before (a), and after heat treatment at 400 (b) 
and 600°C (c). 

188 

6.2 

DTA curves for various CsCl-Al^O^ composites. 

189 

6.3 

SEM micrographs for (a) CsCl and (b) CsCl-40 m/o 
Al^O^ composite sintered at 500°C. 

191 

6.4 

Conductivity vs composition (m/o Al^O^) for CsCl 
-Al^O^ composites at three different 
temperatures. 

192 



XX 


3 

6.5 log(cr) vs 10 /T for various CsCl-Al^O^ 
composites. 

3 

6.6 (a) logcr vs 10 /T and (b) derivative of logcr 


w.r.t. 10^/T, viz. , [-2302.6k d(logo')/d(10^/T)] vs 

3 

10 /T for CsCl and CsCl~10 m/o composite. 


6.7 

log cr vs 

lO^/T for CsCl-40 

m/o 

AI 2 O 3 for 

samples 


prepared 

methods. 

by conventional 

and 

solution 

casting 


196 

198 

200 



LIST OF TABLES 


TABLE 

NO. 

TITLE 

PAGE 

1.1 

Some composite solid electrolytes with enhanced 

conductivity. 

17 

3. 1 

Details of the chemicals used in this work. 

73 

4. 1 

Normalized conductivity (cr/or^) for PbBr^-Al^O^ 
composites of various compositions at three 

different temperatures. 

89 

4.2(a) 

Ionic transport parameters, the activation 
energy (E^) and the preexponential factor (cr^) 
in PbCl^. 

99 

4.2(b) 

E and cr for various PbCl«~A1^0^ composites in 
a o z 

the temperature range 100-300 C. 

95 

4.3 

cr/o'^ for various PbBr^-^Al^O^ composites at three 
different temperatures. 

101 

4.4(a) 

E for conduction in PbBr^. 
a Z 

102 

4.4(b) 

E and <r for various PbBr^-Al^O^ composites in 
a o ^ ^ o 

the temperature range 100-250 C. 

104 

4.5 

(r/<T for Pbl^-A1.^0« composites of various 

compositions at three different temperatures. 

112 

4.6 

(t/o- for PbI.,-30 m/o composites containing 

O o ^3 

dispersion of as-received and NaOH-treated Al^O^ 
at three different temperatures. 

116 

4.7 

cr/cr for Pbl--30m/o A1 0^ composite for three 
different particle sizes of ^^2^3 three 

120 


different temperatures. 



4.8 

4.9 

4. 10 

5 . 1 

5.2 

5.3 

5.4 

5.5 

5.6 

5.7 

5.8 

5.9 


xxii 

Calculated values of the slope of normalized 120 

conductivity {cr/cr ) vs inverse particle size 
-1 ^ 

(r^ ) in Pbl^-OO m/o Al^O^ composite. 

E and cr for various Pbl^-Al^O^ composites. 123 

a o 2 2 3 

E and cr for PbI^-30 m/o Al^O- for three 125 

a o 2 2 3 

different particle sizes of Al^O^ in the 
temperature range 100~200^C. 

Normalized conductivity (cr/cr^) for NaCl-Al^O^ 137 

composites of various compositions at three 
different temperatures. 

(<r/cr^) for NaCl‘-30 m/o Al^O^ composites 138 

prepared by the conventional and solution 
casting methods at three different temperatures. 

Observed and calculated conductivities for 141 

various NaCl-Al^O^ composites at 300^C. 

cr/cr^ for NaCl“30 m/o Al^O^ composites for three 145 

different particle sizes of Al^O^ at three 
different temperatures. 

Comparison of observed and calculated values of 146 

the slope of normalized conductivity (cr/cr^) vs 
inverse particle size in NaCl-30 m/o Al^O^ 

composites. 

Ionic transport parameters, the activation 147 

energy (E ) and the preexponential factor (o' ) 
a o 

for various NaCl-Al^O^ composites. 

cr/cr for KCl-Al^O- composites of different 156 

o 2 3 

compositions at at three different temperatures. 

Observed and calculated conductivities for 159 

various KCl- Al^O^ composites at 300^C. 

cr/cr^ for KC1“45 m/o Al^^O^ composites for three 161 

different particle sizes of Al^O^ at three 
different temperatures. 



xxiil 


5.10 Comparison of observed and calculated values of 
the slope of normalized conductivity {cr/cr ) vs 
inverse particle size (r. ) in KCl-45 m/o A1-0-. 

A Z o 

5.11 E and cr for various KCl~Al-0^ composites. 

a o 2 3 

5.12 RbCl-Al^O^ composites of different 
compositions at three different temperatures. 

5.13 Observed and calculated values of conductivity 
for various RbCl-Al^O^ composites at 300^C. 

5.14 RbCl-40 m/o Al^O^ composites for three 

different particle sizes of ^^2^3 three 

different temperatures. 

5.15 Comparison of observed and calculated values of 

the slope of normalized conductivity (cr/cr ) vs 

.1 o 

inverse particle size (r. ) in RbCl-40 m/o 

-A- 

5.16 E and <r for various RbCl-Al„0„ composites. 

a O 2 3 


161 

164 

172 

176 

179 

179 

182 


6.1 Normalized conductivity (or/cr ) for CsCl-Al^O^ 193 

o 2 3 

composites of various compositions at three 
different temperatures. 

6.2 Ionic transport parameters, the activation 197 

energy (E ) and the preexponential factor (cr ) 
a o 

for CsCl. 

6.3 E and cr for various CsCl-Al„0„ composites. 199 

a o 2 3 

6.4 (cr/cr ) for CsCl-40 m/o A1_0„ composites prepared 201 

O 2 3 

by the conventional and solution casting methods 
at three different temperature. 



CHAPTER 1 


INTRODUCTION 

1.1 Historical Developments : 

Materials in which charge transport occurs through the 

movement of ions, have been known since 1830 ’s when Faraday 

observed the ionic conduction in nonmetallic solids Ag^S and 

Faraday (1839) reported that P^F^, at red heat conducts electricity 

about as well as Pt. However, it was Koulrausch (1882) who 

initiated a systematic study of ionic conduction in solids. His 

assembled set up for conductivity measurement was sensitive enough 

to measure a conductivity as high as 1 ohm cm at 150 C in 

a-Agl. In their pioneering work Tubandt (1920) and his group 

verified and firmly established the Faraday's law for solid ionic 

conductors and also unambiguously demonstrated that a-AgI was a 

pure cationic conductor (t. + 1) (Tubandt and Lorentz, 1914) 

Ag 

while PbCl^ was essentially an anionic conductor 
(Tubandt, 1932). Their measurements were precise enough to show 
that the ionic conductivity in Agl is actually more than 20% 
higher in the solid state near the melting point than in the 
molten state. 

The theoretical models to explain the transport of 
electricity through ionic solids by the flow of ions were 
developed by Frenkel (1926), Wagner (1933) and Schottky (1935). 
Frenkel disorder, in which ions move from normal lattice sites to 
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interstitial sites, and Schottky disorder in which the vacancies 
are introduced in the normal lattice sites by moving the ions to 
the external surface, established a clear structural basis for the 
occurrence of ionic conductivity in a crystalline solid. 

The first detailed study of the structural basis for high 

ionic conductivity in a crystalline solid was carried out by 

Ketelaar (1938) in Ag^Hgl^, essentially a double salt of Agl and 

Hgl^. It undergoes a transition at 50^C to form a phase in 

which the Ag^ions are disordered among a much larger population of 

tetrahedral sites in the structure. The structural studies on Agl 

(Strock, 1934) revealed that the iodide sublattice remains rigid 

while silver ions are randomly distributed over the available 

symmetry sites in the bcc structure. Moreover, the entropy change 

per atom at the transition at ^ 147^C (AS^= 14.5 J mol ^ K ^), 

-1 -I 

which is comparable to the entropy change (11.3 J mol K ) on 

melting (Perrott and Fletcher, 1968), is large enough to suggest 

the melting of the silver sublattice. Both the entropy changes are 

-1 -1 

about half the entropy change at the melting (AS^=24.2 J mol K ) 
of the alkali halides (Lumsden, 1966). This suggests that one of 
the two sublattices melts at the solid-solid O-a) transition 
temperature (O'Keeffe and hyde, 1976). 

During the 1960 's many new solid ionic materials were 
discovered. Reuter and Hardel (1961) synthesized a new material 
Ag^SI, a double salt of Ag^S and Agl, which showed exceptionally 
high ionic conductivity above 235^0. A real breakthrough, however. 
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was the discovery of a new family of superionic conductors MAg^I^ 

(M=K, Rb, NH^ etc.) by Bradley and Greene (1966, 1967) and Owens 

and Argue (1967) independently. These materials exhibit 

“1 -1 

conductivities of ^0.3 ohm cm at room temperature and the 
highly conducting phase persist down to about ~155^C. Around the 
same time, Yao and Kummer (1967) reported an unusually high ionic 
conductivity in the Na^O-Al^O^ system. The highly conducting 
/3-alumina long known in solid state and initially considered to be 
a further modification of ^^ 2^3 later identified by X-ray 

structure analysis as sodium oxa-aluminate NaAl^^O^^ (Ridgway 
et.al.,1936; Beevers and Ross, 1937; Peters et. al. , 1971) is an 

exceptionally good and still unsurpassed sodium ion conductor. The 
actual motivating aspect of these workers, however, was the 
technological utilization of Na-^-Al 20 ^ in sodium/sulphur battery. 
Almost simultaneous discoveries of MAg^I^ and M-^-Al20^ families 
of so called superionic conductors boosted the research and 
development activity tremendously. 

Liang(1973) discovered that the dispersion of fine insulating 

Al^O^ particles in Lil enhances the Li^ ion conductivity of Lil by 

-7 

about two orders of magnitude at room temperature from 10 to 
-5 -1 -1 

10 ohm cm . Furthermore, Liang constructed cells using 

LiKAl^O^) as solid electrolyte, lithium as the anode and a 
variety of two-phase iodide mixtures as cathode materials. In -each 
case the open circuit voltage was virtually the theoretical 
voltage as calculated from the cell reaction. This showed that the 
electrical current was predominantly ionic. Moreover, one of the 
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cells, viz., Li I Li I (Al^O^) I Pbl^/Pb, was stored for two years after 
which it exhibited the same open circuit voltage and discharge 
characteristics as a freshly prepared cell. This again indicated a 
negligibly small electronic current in the composite solid 
electrolyte LilCAl^O^). 

High conductivity solid electrolytes discovered so far 

include a large variety of materials; crystalline compounds, 

glasses, polymers and heterogeneously dispersed compounds. 

Moreover, high ionic conductivity in solids is not restricted to 

the motion of monovalent ions only. for example, is a 

2 + 

good conductor for a variety of divalent cations such as Pb , 

2 ' 4 ‘ 2 2 "^ 2 "^ 

Ca , Ba , Zn , Sn (Farrington and Dunn, 1982) as well as 

various trivalent lanthanide cations such as Nd^^, Eu^^, Sm^^, 
3+ 3+ 

Gd , Er etc. (Farrington et.al., 1983; Carrillo-Cabrera et.al., 
1988). 

All the highly conducting solid- electrolytes share one common 
characteristic. They owe their conductivities to highly disordered 
regions in their structures. These regions may encompass an entire 
crystal (a-AgI), be restricted to the specific internal interfaces 
(Al^O^ dispersed in Lil), occur as highly disordered planes in a 
crystal (p-Al^O^’s), or involve liquid-like disorder of an 
amorphous material (glasses and polymers). 

1.2 Solid Ionic Conductors : 

Ionic conductivity in solid ion conductors occurs due the 
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presence of disorder in the crystal structure. The disorder may 

take the form of ions appearing in the interstitial positions 

(Frenkel defects) or vacant lattice sites (Schottky defects). They 

fall into two groups; those in which the lattice defects are 

produced either thermally or by the introduction of foreign ions 

into the lattice, called valency controlled doping and, those in 

which a considerable number of defects occur naturally in the 

solid due to its structure. The first group is characterized by a 

low conductivity and a high activation energy of conduction. Since 

the experimentally determined activation energy is the sum of 

energies for migration and the formation of the defects, the 

concentration of defects at low doping levels (:2 1%) is often 

equal to the concentration of the dopant and thus the mobility of 

defects can be calculated. A typical example is KCl. In this 

crystal above 400^C, both anions and cations participate to a 

comparable extent in the conduction process (Wagner and 

Hantelmann, 1950). Therefore, a Schottky disorder model involving 

an equal number of cations and anion vacancies to maintain 

electrical neutrality is indicated. This has been confirmed by the 

fact that the substitutional doping of by a univalent ion, e.g. 

Na^ does not alter the conductivity markedly (Etzel and Maurer, 

1950). Valency controlled doping of KCl by PbCl^ (Lehfeldt, 1933) 

or ^^^^2 (Kiukkola and wagner, 1957) must lead to either an 

equivalent number of cation vacancies or less likely an equivalent 

number of anion interstitials. Doping KCl with SrCl^ causes a 

marked increase in the conductivity by an amount proportional to 

2 + 

the concentration of Sr and the crystal becomes predominantly a 
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pure cationic conductor, and hence it allows the mobility of the 
vacancies to be estimated. Above SOO^C, most of the alkali halides 
conduct via both cation and anion migration whereas at lower 
temperatures the conduction process is dominated by the ion of 
lower activation energy. Thus the sodium, potassium and rubidium 
chlorides are predominantly cationic conductors (Fuller and 
Reilly, 1967), while cesium chloride is an anionic conductor 
(Arends and Nijboer, 1967). Lead halides also conduct by virtue of 
Schottky defects. The anion vacancies are the only mobile charge 
carrier in PbCl^ (Schwab and Eulitz, 1967) and Ft)Br2 (Verwey and 
Schoonman, 1967), whereas the mobilities of anion and cation 
vacancies are comparable in case of (Tubandt, 1932; Lingras 

and Simkovich, 1978), 

Ionic conductors in the second group are characterized by a 

-1 

high conductivity (<- 10 ohm cm ) at a suitable temperature, a 
low activation energy for conduction (^ 0.1 eV) and a relative 
insensitivity of conductance to doping agents or impurities. The 
point defects (or disorder) necessary for conduction exist as a 
natural consequence of the lattice structure and an activation 
energy is necessary only for migration from one site to the other. 
It is the ionic conductors in this group, e.g. , a-Li^So^, a~AgI, 
p-Al^O^ etc., which offer the greater possibility for the 
development of electrochemical devices. 

Several conditions must be met for a solid to be a fast ion 
conductor at moderate temperatures. Firstly, the potentially 
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mobile species must be present as ions and not be trapped in 
strong covalent bonds. Secondly a population of alternative sites 
that the ions can potentially occupy and which are not their 
principal crystallographic positions must also exist. Thirdly, the 
energies of formation and migration of defects must be low. From a 
crystallographic point of view a perfect ionic crystal would be an 
insulator. The ionic solids falling into the second group have low 
defect formation energy, therefore the defect concentration is 
very high at moderate temperatures. The defect formation energy 
may be low for one of the several reasons. Some compounds such as 
Agl, Ag^Hgl^, RbAg^I^ etc. undergo a specific order-disorder 
transition which involves a latent heat of transition similar to 
the latent heat of fusion. This latent heat represents the 
enthalpy required to disorder ions among the alternate sites in 
the crystal and therefore to create a large concentration of 
defects. Above the transition temperature the defect creation 
enthalpy is essentially zero. Other compounds such as p-Al^O^' s 
owe their high conductivities to the ionic defects and disorders 
which are the result of specific compositional non-stoichiometry 
introduced during their formation. 

1.3 Classification of Solid Ionic Conductors : 

The ionic conductors can be classified in various ways 
depending upon the magnitude of conductivity, type of charge 
carriers, phase transitions and structure. 
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1.3,1 Based on Magnitude of Conductivity : 

Ionic conductors can be classified into three groups 
based on their magnitude of conductivity at moderate temperatures. 

(i) Poor or Normal Ionic Conductors : 

These are conventional ionic solids in which the defect 

2 3 —3 

concentration is low. The number of mobile defects is ~ 10 cm 

— ^ "“1 “"1 

and conductivity is < 10 ohm cm . The transport is through 

Frenkel or Schottky defects which are thermally generated. As a 
result the number of defects is a strong function of temperature 
and the activation energy is very high 1 eV or more. Examples : 
alkali halides, AgCl, AgBr, /3~AgI etc. 

(ii) Moderate Ionic Conductors : 

20 “3 

These contain a large concentration of defects 10 cm ) 

which have coalesced into a coherent substructure or extended 

defects of submicroscopic dimensions. The range of conductivity is 
~3 “"1 “I 

from 10 to < 10 ohm cm . Examples : CaF^ (Derrington et.al., 
1975), PbF^ (Schoonman et.al., 1975), CaO.ZrO^ (Etsell and 
Flengas, 1970) etc. 

(iii) Fast Ionic Conductors ; 

This is the case of liquid like molten submattice in which 

principally all the ions in a sublattice are available for 

22 -3 

movement. The number of mobile ionic charge carriers is ~10 cm 

~"3 ""1 *”1 

and conductivity is > 10 ohm cm . Examples : a-AgI (Wiedersich 
and Geller, 1971), RbAg^I^ (Owens, 1971; Geller, 1976), a-Li^SO^ 
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(Kvist and Lunden, 1965) etc. 

This classification, however, is extremely broad since the 
range of temperature over which different materials may acquire 
some arbitrarily fixed value of conductivity is large. Thus while 

-15 -1 -_i 

the conductivity of NaCl is -- 10 ohm cm , that of RbAg^I^ is 
-1 -1 

0.27 ohm cm at room temperature. Similarly the conductivity of 

“8 “”3 "“1 ""1 

NaCl changes from 10 to 10 ohm cm as the temperature 

changes from 300 to 800°C (melting point), whereas the 
conductivity of RbAg^I^ does not change much with temperature. 

1.3.2 Based on Type of Charge Carriers : 

On the basis of the nature of mobile ions the solid ionic 
conductors can be classified into two categories. 

(i) Cationic Conductors : Main cationic conductors are the 

following : 

(a) Ligand Na^ ion conductors, e.g., Li^N (Huggins, 1977), Lil 
(Schlaikjer and Liang, 1973), Li^SO^ (Kvist and Lunden, 1965 ) , 
LiKAl^O^) (Liang, 1973), NASICON (Goodenough et.al., 1976), 
Na-p-alumina (Kennedy, 1977), etc. 

(b) Cu^ and Ag^ion conductors, e.g., Agl ( Wiedersich and Geller, 
1971), RbAg^Ig (Owens, 1971), Cul ( Matsui and Wagner, 1977), 
CuCl (Joshi and Wagner, 1975), etc. 
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(c) Proton (h"^ ion) conductors, e.g., HU02P0^.4H20 ( Shilton and 
Howe, 1977), H^O -p’ -alumina (Farrington and Briant, 1978), 
etc . 

(ii) Anionic Conductors : Main anionic conductors may be 
categorized as follows : 

2 - 

(a) 0 ion conductors, e.g., stabilized ZrO^, CeO^, CEtsell 

and Flengas, 1970), etc. 

(b) F ion conductors, e.g. (Schoonman et.al., 1975), CaF^, 

BaF^, SrF^ (Derrington et.al., 1975), YF^, LuF^ (O’keeffe, 
1973), etc. 

1.3.3 Based on Phase Transitions : 

The solid ion conductors may be classified into three 
categories on the basis of phase transitions. 

(i) Normal Melting : 

In this category, both cation and anion sublattices disorder 
simultaneously. Their is no solid-solid (nonconducting-conducting) 
transformation and the high conductivity is attained upon melting, 
e.g., alkali halides, AgCl, etc. 

(ii) First Order Transition ; 

(a) Some solid ionic conductors notably certain silver and copper 
based materials like Ag^ and Cu"^ salts exhibit a first order phase 
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transition to a high conducting phase. The lattice symmetry of 
both mobile and immobile sublattices changes at the transition. A 
large, discontinuous change occurs in the ionic conductivity at 
the solid-solid transition. A prototype material of this class is 
Agl. At the transition, the iodine array changes from f.c.c to 
b.c.c. and the silver ions become disordered and mobile. This is 
accompanied by a substantial change in the arrangement of the 
immobile ions. 

(b) This class differs from the preceding one only in degrees. The 
solid-solid phase transition is first order but there is only a 
minor change in the immobile ion array, e.g., in Cu^S the immobile 
array of sulphur remains approximately hep and in Ag^S it remains 
approximately bcc above the transition. 

(Hi) Faraday Transition : 

In this type of transition, the disordering of the mobile 

array is spread over a substantial temperature range. There is no 

change in the immobile ion array. Crystals with the fluorite 

(CaF^) structure are prime examples. The cations remain immobile 

upto the melting point. The conductivity passes smoothly from the 

—8 —1 —1 

values of normal salts (< 10 ohm cm ) to the values typical of 

-3 -1 -1 

ionic melts ( ~ 10 ohm cm ) through the transition temperature 
range . 

1.3.4 Based on Structure : 


The solid ionic conductors can be classified into four 
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categories depending on their structures. 

(i) Crystalline Ionic Conductors : 

The structure and composition of ionic solids are optimized 
for high ionic conductivity. The mechanisms by which the ions 
diffuse rapidly in these materials are related to those that lead 
to ionic conductivity in classical ionic solids such as NaCl, 
BaCl^ and Lil (Ratner and Nitzan, 1988). Examples are 
Na“/3”aluminas, NASICON, Stabilized ^rO^, RbAg^I^, etc. 


(ii) Amorphous Ionic Conductors : 

Unlike crystalline solids wherein the carrier concentration 
may be defined as the density of defects with reference to the 
perfect lattice and each carrier is identically situated having 
the same mobility, in amorphous ionic conductors the large amount 
of free volume makes it hard to apply the concept of a point 
defect (Hughes and Isard, 1972) and the low defect concentration 
models (Haven and Verkerk, 1965; Ravaine and Souquet, 1977, 1978; 
Ingram, 1980; Moynihan and Lesikar, 1981). More satisfactory 
concept than the defect formation is to consider all the ions to 
be potentially conducting but in a broad distribution of states 
(fuller et.al., 1980, Hughes and Isard, 1972). Lack of grain 
boundaries, isotropic and generally higher conductivities are the 
distinct advantages of amorphous (glassy) ionic conductors over 
their crystalline counterparts. Examples : alkali germanate 
glasses (Mundy and Jin, 1986, 1987). 
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(Hi) Polymeric Ionic Conductors : 

The dominant class of polymer electrolytes comprises the 
neutral polar polymer complexed with alkali metals, divalent 
transition metals, ammonium salts and acids. Fenton et.al.(1973) 
and Wright (1975) were the first to show that polyethylene oxide 
(PEO)~alkali metal salt complexes are ion conducting. Armand 
et.al.(1979) has shown the technological importance of these salt 
complexes in all-solid lithium batteries. Polymer electrolytes 
have since occupied an important place in Solid State Ionics, 
because of their unique properties, such as thin-film formation, 
easy processibili ty , flexibility, light weight and elasticity 
(Armand, 1986; Ratner and Shriver, 1988; Watanabe and Ogata, 
1988). 

(iv) Composite Ion Conductors : 

Another group of ionic conductors includes the 
heterogeneously doped ionic solids, typified by Lil containing 
dispersion of Al^O^ that has been shown to be a good Li"^ ion 
conductor (Liang, 1973). In these materials, ionic conductivity is 
believed to occur in the thin interfacial regions surrounding the 
dispersed particles. Several phenomenologies have been invoked to 
explain the enhancement in the conductivity of these composites. 
Jow and Wagner (1979) proposed that the dispersion of the 
insulating particles in the host matrix produces a space charge 
layer at the matrix/particle interface, and thus facilitates the 
ionic motion. Maier (1984, 1985, 1986, 1987) formulated the space 
charge profiles in the interfacial region and developed a 
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quantitative model by employing the principle of parallel 
switching, while treating the space charge region as a separate 
phase . 

1.4 Composite Solid Electrolytes : 

There are two basic ways of optimizing the ionic conductivity 
in solids. First is to search for new structures and compounds and 
the second is to modify the properties of the known materials. The 
latter can be achieved in two basic ways. 

1.4.1 Homogeneous Doping : 

Homogeneous doping is the classical way to improve the ionic 
conductivity of a normal ionic conductor in which small amount of 
an appropriate material is dissolved in the host matrix normally 
in order to influence the defect concentrations. This can be 
further sub classified into two categories. 

(i) Homovalent Doping : 

Substitution of the ions having the same valency but different 
size influences the ionic conductivity of the host material. For 
instance the ionic conductivity of KCl^ 5 nilxed crystals i.e. 
KCl doped with Br ion was found to be twice as large as that of 
pure KCl (Shulze, 1952). Several recent investigations on the 
mixed crystals have revealed that the effect of built-in wrong 
size of the homovalent ions depends strongly on the size 
difference between the host and the guest ion (Shahi and wagner, 
1983; Johannesen and McKelvy, 1985,1986). A few tentative theories 
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and models have been suggested to explain the unusual transport 
properties of the mixed crystals. According to lattice loosening 
model (Lidiard, 1957; Shahi and wagner, 1983) the substitution of 
a homovalent ion which is either too large or too small (i.e. not 
of the same size as the host ion ) introduces strain in the 
lattice that generally, if not invariably, results in the lowering 
of the melting point. This leads to the lowering of the formation 
and migration enthalpies, hence increases the concentration of 
mobile defects and thus results in an increase in the 
conductivity. 

(ii) Allovalent Doping : 

An impurity ion whose valency is different from that of the 

corresponding host ion is referred to as aliovalent ion. Thus when 

an ionic solid (e.g. alkali (M)halide (X) MX) is doped with divalent 

cations (e.g. etc.) or divalent anions such 

2 - 2 “ 

as S ’ CO^ etc. , the electrical charge neutrality requirement 
demands generation of excess defects of the compensatory type 
(cation or anion vacancies and/or anion or cation interstitials) 
which in turn increase the conductivity. The extraordinary 
influence of aliovalent doping on the concentration of point 
defects and hence on the charge carriers and conductivity was 
first realized by Koch and Wagner (1937) and subsequently 
demonstrated extensively by Kelting and Witt (1949) and Teltow 


(1949). 
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1,4,2 Heterogeneous Doping : 

The qualitative effect that the overall conductivity of a 
two phase mixture may exceed the values for the pure constituent 
phases has been known for a long time ( Jander, 1929 ). A lot of 
interest has been directed towards the phenomenon since Liang 
(1973) performed a systematic measurements on the enhancement of 
Li-ion conductivity in Lil containing fine P^J^ticles. This 

system belongs to a group of two-phase systems where a moderate 
ion conductor (for example, alkali and silver halides etc. ) is 
mixed with a coexisting insulating oxide (mostly Al^O^). A second 
group of two phase materials consists of a mixture of two normal 
ionic conductors. Shahi and Wagner Jr. (1982) found a greatly 
increased overall conductivity in the miscibility gap of the 
system Agl-AgBr compared to the solid solubility regions. Table 
1.1 lists some of the important composite solid electrolyte 
systems which show an appreciable enhancement in the conductivity. 
Such highly conducting materials have shown good promise for high 
energy density batteries. 

The conductivity behavior of the composites is not well 
understood. Classical concepts such as doping are not applicable 
since the second phase particles are insoluble in the first phase 
(Liang et. al. , 1978) . The enhancement in the conductivity was found 
possible by assuming that a highly conducting layer of a few 
Angstrom thickness surrounds each insulating particle (Stoneham 


et.al., 1979). 
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Table 1.1 


Some composite solid electrolytes with enhanced conductivity 


composite mole % ^ 1 

system disperoid (ohm-cm) 

cr/cr 

0 

at T 
(°C) 

reference 

LlKAl^Oj 

) 

40 

1.0x10 ^ 

100 

25 

Liang( 1973) 

LiBr(Al„0, 

3) 

20 

3.7xl0"^ 

10 

170 

Khandkar and 







Wagner, Jr. (1986) 

Agl (fly-ash) 

13.5 

1.2x10“^ 

50 

25 

Shahi and 







Wagner , Jr . ( 1982) 

AgI(SiO„) 


10 

1 . Ixl0“^ 

45 

25 

Shahi and 







Wagner, Jr. (1982) 

Aglfwet 


30 

e.oxio""^ 

2500 

25 

Shahi and 







Wagner , Jr . (1982) 

Aglfdry ] 


30 

1.2xl0'^ 

50 

25 

Shahi and 

[AI2O3J 






Wagner, Jr. (1982) 

AgBrCAl^O^) 

15 

l.Oxlo"^ 

20 

21 

Maier(1985) 

AgCl(Al^O^) 

13 

l.Oxlo'^ 

10 

21 

Maier(1985) 

CuCl(Al„0„) 

10 

2.5xl0”^ 

30 

25 

Jow and 

Z 0 





Wagner, Jr. (1979) 

CaF^CAl^O, 


4 

5.4x10“^ 

100 

373 

Vaidehi et.al. 
(1986) 

CaF^(CeO^) 

4 

3.9xl0"^ 

1000 

373 

Vaidehi et.al. 

^ CL 






(1986) 

SrCl^CAl^O^) 

25 

7.2x10"'^ 

5 

300 

Fi Jitsu et.al. 
(1986) 

O' refers 

to 

the 

conductivity 

of the 

composite 

materials; cr of 
o 


pure salt(host). 


1.5 Properties of Composite Solid Electrolytes : 

The composite solid electrolytes show some typical properties 
which are as follows : 


(i) Fig, 1.1 shows the conductivity versus composition (m/o) of 
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dispersoid for various composite systems. The ionic conductivity 
is typically enhanced by one to three orders of magnitude. The 
maximum in the conductivity is most often observed for composites 
containing 10 to 40 volume percent (v/o) dispersed particles. 
However, in many systems significant enhancement are also induced 
by the addition of only a few percent of the dispersed phase. For 
example 1 mole percent .(m/o) Al^O^ enhances the conductivity of 
Agl threefold (Chowdhary et.al., 1985) and Just 0.5 m/o CeO^ 
enhances the conductivity of CaF^, by a factor of 1000 (Wen et.al., 
1983). 

(ii) Most often the highest conductivities are reported for 

composites containing extremely fine 0.1 pm) particle size of 

the dispersed phase, while a negligible effect is often observed 

for particles larger than a few microns. Many models have been 

presented to explain the observed dependence of the enhancement in 

conductivity on the particle size (Wagner, 1972; Jow and Wagner, 

1979; Stoneham et.al., 1979; Pack,' 1979). These models describe 

rather empirically the conductivity enhancement as a function of 

inverse of the radius of the dispersed particles. However, recent 

studies have emphasized the correlation between the enhancement in 

the conductivity and the effective surface area of the dispersed 

phase (Slade and Thompson, 1988). The large particles (~8 pm) with 

2 

a very high surface area (200 m /gm) were found to enhance the 
conductivity as effectively as extremely small, nonporous 
particles with a similar effective surface area. 




mole Percent 
(Dispersed Phase) 

Fig. 1.1 Conductivity vs composition (m/o of dispersoid) for 
various composites. 
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(Hi) The composites prepared with undried alumina particles 
generally show higher conductivities than those prepared with 
predried alumina (Pack et.al., 1980; Shahi and Wagner, 1982). This 
is generally accepted as a proof of the water molecules or the 
hydroxyl groups adsorbed at the insulating particles. Several 
studies report that the enhanced conductivity is completely 
eliminated if the alumina particles are scrupulously dried before 
being added to the matrix phase (Maier , 1985) . 

(iv) The largest conductivity enhancements are generally observed 
at lower temperatures, often near room temperature. This is 
explained in terms of decrease in the effective thickness of space 
charge layer (Debye length) with increase in temperature (Jow and 
Wagner, 1979) . 

(v) The addition of a second phase may change the mechanism of 
conduction. In AgKAl^O^) composite the conduction mechanism 
changes to dominant transport via silver ion vacancies from the 
dominant transport via silver ion interstitials in pure Agl (Shahi 
and Wagner , 1981 ) . Maier and Reichert (1986) reported that dominant 
transport changed to conduction via the negatively charged cation 
vacancies in TlCKAl^O^) composites from the positively charged 
chloride ion vacancies in pure TlCl. 

(vi) The addition of a second phase may change the temperature of 
a first order phase transition of the matrix electrolyte. Shahi 
and Wagner (1981) reported that the dispersion of ^^2^3 
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the a-13 transition temperature in Agl. Chowdhary et.al.(1985) 
found that fB ^ a transition temperature was unaffected, whereas 
the a p transition temperature (during cooling cycle) decreased 
as the concentration of Al^O^ increased. 

1.6 Conduction Mechanisms in Composite Solid Electrolytes : 

Various mechanisms which may lead to the enhancement in 
conductivity in composites are as follows : 

M. T., . IJ8 

1.6.1 Interface Mechanisms : A. .111585 

The observed enhancement in conductivity by the dispersion 
of submicron insulating particles in a normal ionic conductor has 
been attributed to the matrix-particle interface by most 
researchers. Three possible processes that may lead to enhanced 
conduction along the interface between the matrix and the 

dispersed second phase have been -identified. Of these the 

formation of a space charge layer at the matrix-particle interface 
is most widely accepted mechanism. 

(i) Enhanced Carrier Concentration in the Space Charge Layer : 

An interfacial space charge layer is formed when the 

interface has a net charge due to the prefer^tial occupation of 
the interface sites by either cations or anLons. Jow and wagner 
(1979) presented evidence for a space charge layer adjacent to the 
dispersoid in the composite solid electrolyte. They used the 

concept of a space charge layer at an electrolyte-vacuum 
interface, as was derived by Lehovec(1953) and Kliewer and Koehler 
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(1965). Maier has done the most extensive quantitative work 
investigating the possible formation of space charge layers along 
the interfaces in the composite solid electrolytes. In AgCl and 
AgBr based composites Maier (1985) found a good agreement between 
the experimental conductivities and those calculated by assuming a 
space charge layer at the interface. According to Maier (1984), 
the dispersoid acts as a nucleophilic surface, which attracts 
positively charged species. Shahi and Wagner (1981) studied 
AgHAl^O^) using the thermoelectric effect. They reported that the 
transport in the composite was via cation vacancies. But Agl 
exhibits Frenkel disorder and transport in pure Agl is 
predominantly via silver ion interstitials. The mechanism in the 
case of AgHAl^O^) composite changes from dominant transport via 
interstitials to the dominant transport via cation vacancies. This 
switching from chlorine vacancies in case of pure TlCl to thallium 
vacancies in TlCKAl^O^) composite has also been observed by Maier 
and Reichert (1986). On the other hand an electrolyte such as Lil 
exhibits Schottky disorder and the pure Lil conducts primarily via 
cation vacancies. The introduction of dispersoid causes the 
positively charged species to be attracted, leaving a depletion 
zone with a larger concentration of cation vacancies than in the 
bulk Lil, where the concentration of vacancies is given by the 
square root of the Schottky constant. Thus in Lil there is no 
change in mechanism but simply an increase in the number of cation 
vacancies. 


Maier (1985) demonstrated that changing the chemical nature 
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of the surface of the alumina particles affects the conductivity 
of the composites. Alumina particles treated with either 
(CH^)^SiCl or CH^Li produced a significantly smaller enhancement 
in the conductivity than observed for untreated alumina particles. 
This is presumably due to a substitution reaction and a 
passivation of the surface hydroxides. Another observation 
suggesting the importance of the surface chemistry of the 
particles is the report by Slade and Thompson ( 1988) that in LiBr, 
SiO^ particles are less effective in enhancing the conductivity 
than ^^2^3 P^^-rticles of similar size or surface area. 

CaF^ is an interesting example. It exhibits the anti-Frenkel 
disorder with equal concentrations of anion vacancies, V* and 

r 

anion interstitials (Ure, 1957). The activation energy for the 

motion of V' is 0.51 eV, while that for motion of F! amounts to 
F 1 

0.91 eV (Bollmann and Henniger, 1972; Bollmann and Reimann, 1973). 

In pure CaF 2 the ionic current is, therefore, attributed to the 

fluorine ion vacancies. The enhanced conductivity in CaF^CAl^O^) 

composite has been attributed to the enhanced concentration of F^ 

(Khandkar et . al . , 1986 ) . Some researchers, however, believe that 

the fluorine ions are attracted towards the interface and the 

enhancement in the conductivity occurs due to an increase in the 

fluorine ion vacancies V' near the interface (vaidehl et.al.,1986: 

F 

Akila and Jacob, 1987). 

Other evidence for the space charge layer concept is provided 
by the influence of alumina dispersoids on the temperature of a 
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first order transition. Shahi and Wagner (1981) reported that the 
introduction of ^ 2^3 ^^^sulted in a change in the oc-p transition 
temperature. Chowdhary et.al.(1985} observed that oc to ^ (cooling 
cycle) transition temperature decreases as the Al^O^ concentration 
increases whereas /3 to oc (heating cycle) transition temperature 
remains unaffected. Furthermore, the dispersion of Al^O^ particles 
in IB phase increases the conductivity, whereas that in the a phase 
it reduces the conductivity. It is suggested that in the (B phase, 
the cation vacancies tend to remain near the interface. Thus the 
transition is determined by the defects in the bulk Agl and the 
transition occurs at 147^C. On the other hand in the high 
temperature phase, the cation vacancies are more mobile and react 
with the interstitials. This results in a decreased ionic 
conductivity. According to Rice et.al.(1974) a critical 
concentration of defects is necessary to cause the transition. On 
cooling there is smaller concentration of lattice defects than in 
pure Agl. Hence the composite must be cooled below 147^0 because 
there is not enough concentration necessary to drive the a-fB 
transition. These results clearly show that virtually insoluble 
dispersoid is not inert, but influences the concentration of 
defects in the electrolyte. 

The interfacial space charge layer mechanism, however, has 
proven to be inadequate as an explanation for conductivity 
measurements on the thin-films of Lil (Schreck et. al., 1986) and 
AgCl (Muhlherr et.al., 1988) on Al^O^ substrate deposited by 
evaporation. Very near the interface the film conductivities are 
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larger than those reported for composite electrolytes. For both 
the materials the change in conductance as a function of film 
thickness does not decay to the bulk conductance of the pure 
material until the film thickness far exceeds the Debye length of 
the material. This is clearly inconsistent with the effect of a 
single space charge layer at the interface. For AgCl films it has 
been concluded that the conductivity must be determined by the 
microstructure of the films (Muhlherr et.al., 1988). Dudney (1985) 
has estimated the maximum likely space charge polarization that 
can be formed at an interface of Li I, /S-Agl and AgCl based on 
defining an upper limit to the amount of excess charge that can be 
accommodated at an interface. This limit is close to a monolayer 
of excess anions or cations. It was found from these calculations 
that a space charge polarization along the alumina interface is 
not a large enough effect to account for the tremendously enhanced 
conductivities for composites of Lil and Agl. Even considering an 
extremely unrealistic model of an ideal layered composite 
containing 30-50 v /o of (5oX) sheets parallel to the direction 
of the current, the calculated enhanced conductivity due to the 
space charge layers along these alumina sheets is far less than 
the reported conductivities for the real Lil and Agl composite 
electrolytes (Dudney, 1988). 

(li) Enhanced Conduction at the Core of Interface : 

Phipps et.al.(1981) and Phipps and Whitmore (1981) proposed 
that the lattice distortion is likely to give significant changes 


in the defect mobilities as well as in the defect concentrations 
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within the first one to three atomic layers near the interface. 
They solidified both pure and doped Lil films of 0,2 mm thick in a 
sandwich between silica plates. The interface contribution to the 
total conductivity of the Lil films was separated by subtracting 
the conductivity through the Lil films from the conductivity 
measured along the films. This mechanism, however, has not been 
accepted probably because the enhanced conductivity layer is 
confined to a few atomic layers. This is a much narrower 
distribution than predicted by most of the model calculations 
involving space charge layer where the high conductivity layer is 
calculated to be hundreds of angstroms wide. Besides, the enhanced 
conduction along the interface core require a dense continuous 
interface network through the composite which would be unlikely 
for very small volume fraction of dispersoid. 

(Hi) Interfacial Phase Formation ; 

There is a possibility that a highly conducting phase may 
form along the interface due to the- reaction of the matrix with 
either the oxide particles or with the impurities adsorbed on the 
particles. Pack et.al.(1980) reported no enhancement in the 
conductivity of LiHAl^O^) composite system. Although a third 
phase is generally not detected by X-ray diffraction, there is 
evidence that water can be a contributory factor to the enhanced 
conductivity for composites of those materials which are known to 
form a number of hydration compounds with bulk conductivities 
higher than those for the anhydrous compounds. However the bulk 
conductivities of the hydrated phase are simply not high enough to 
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account for the conductivity reported for the composites (Phipps 

et.al.,1981; Hartwig and Weppner, 1981 and Skarstad et . al . , 1981 ) . 

For example the value of cr for Lil.H^O has been reported from 

2x10 ^ to 1x10 ^ohm ^cm ^ at 300^K by various researchers (Pack 

et.al.,1980; Phipps et.al.,1981; Poulsen, 1982), but these are all 

-5 -5 -1 -1 

lower than the highest conductivities of 4x10 and 10 ohm cm 
for Lil . H20(Al20^) reported by Liang (1973) and Maier (1985). In 
addition, the conductivities of the hydrated phases, Lil.H^O and 
LiBr.H^O, are themselves enhanced by the addition of Al^^O^/SiO^ 
particles (Slade and Thompson, 1988; Nakamura and Goodenough, 1982) . 
Clearly the enhanced conductivity in the composites cannot be 
attributed simply to the formation of an interface layer of one of 
the hydrated compounds. 

1,6.2 Matrix Mechanisms ; 

Although it is widely accepted that matrix-particle 
interface is dominantly responsible for the enhanced ionic 
conductivity in dispersed phase • composite solid electrolytes, 
there are several mechanisms by which conduction through the 
matrix can be enhanced by the presence of a dispersed phase. 

(i) Conduction along Grain Boundaries and Dislocations : 

It has long been known that the transport in polycrystalline 
single phase electrolytes may be faster than that in single 
crystal electrolytes, although for many ionic materials the 
detailed mechanism for this enhancement is not completely 
understood (Kingrey et.al., 1976; Peterson, 1983; Yan et.al., 
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1977). The presence of rigid and inert particles is known to 
affect the microstructure that develops during sintering (Olgaard 
and Evans, 1986; Lange and Hirlinger, 1987) or recrystallization 
(Cotterill and Mould, 1976). For AgCKAl^O^) composites, it 
appears that the role of alumina particles may be to stabilize the 
AgCl grain structure that forms the high conductivity paths 
(Dudney, 1988). 

Model calculations of the conductivity for a composite, where 
the grain boundaries contribute to the high ionic conductivity 
path, reproduce quite well the typical trends observed for 
composites with respect to the composition and particle size 
dependence (Dudney, 1988) . The grain size is assumed to decrease as 
the volume fraction of the particles increases (Olgaard and Evans, 
1986). As more particles are added to the composites, the density 
of the grain boundaries ( and hence the conductivity ) increases 
until alumina begins to have a significant blocking effect on the 
conductivity. In this model, unlike the interfacial models 
discussed above, a significant increase in the conductivity is 
likely for composites containing just ~ 1 v/o of well dispersed 
fine particles. This is consistent with a number of 
experimental observations on the composite solid electrolytes. 
However for composites of either Li I or p-AgI, calculations 
(Dudney, 1985) indicate that a space charge polarization layer 
along the grain boundaries in the matrix cannot account for the 
observed conductivities of the composites, even if the matrix has 
an extremely fine si Lcron structure (Dudney, 1985). 
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2. Presence of a Highly Conducting Metastable Phase : 

The presence of the second-phase particles in a composite may 
act to stabilize a metastable or a higher-temperature matrix phase 
during the processing. There are a number of experimental 
observations that suggest that the metastable iif) phase of Agl 
might be present in the alumina composites. Agl transforms to the 
3 ^-phase under moderate pressures (Burley, 1967) or if cooled 
rapidly from near the melting temperature (Burley, 1963) . 
Comparison of the conductivity and thermoelectric power reported 
for AgKAl^O^) composites (Shahi and Wagner, 1981) and those 
reported for the ^r-phase and the 0-phase of pure Agl (Schiraldi, 
1975) suggest that the presence of the more conductive 3 ^-phase 
may, in fact, be responsible for the enhanced conductivity of the 
composites. Schmidt et.al.(1988) confirmed from the . X-ray 
measurements the presence of T“AgI containing 5 m/o Al^O^. For 
LiBr . H20(Al20^) composite also, there is evidence that the high 
conductivity observed at and below room temperatures may be 
partially due to supercooling of the p-LlBr.H^O phase (Schmidt and 
Bazan, 1988) which is stable above 34^C and is characterized by 
disorder in the orientation of the water molecules. It appears 
that the presence of the dispersed Al^O^ stabilizes the 
high-conducting 0-phase below the transition temperature. 

Though it seems plausible that the second phase particles may 
stabilize a metastable phase or prevent a phase transition, 
perhaps by impeding the nucleatlon and growth processes, the 
possibility of having a metastable or supercooled phase of the 
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matrix materials has not been considered except for the above two 
cited examples. 

(ill) Homogeneous Doping of the Matrix : 

Most researchers argue that the homogeneous doping of the 
matrix by the dispersoid could not account for the continued 
increase in the conductivity for dispersoid concentrations well 
beyond the solubility limit. Though phase diagrams or solubility 
data are not available for the majority of the systems, yet this 
possibility is worth considering because small amount of dopants, 
specially aliovalent dopants, can have a profound effect on the 
conductivity of a material. This mechanism is suspected to 
contribute significantly to the enhanced conductivity in 
CaF^CAl^O^) composite system. Wen et.al.(1983) have pointed out 
that the enhancement may be the result of the formation of defects 
due to dissolution of very small amount of Al^O^ in CaF^, although 
other researchers claimed that this occurs due to the interfacial 
mechanism, 

Mechanism(s) responsible for the conductivity enhancement in 
composite solid electrolytes is(are) still a matter of some 
debate. More than one mechanisms may be operating simultaneously. 
Moreover one mechanism may be responsible in one concentration 
regime while another may be responsible in another concentration 
regime, A composite containing a significant volume fraction of 
well dispersed submicron size particles will have an extremely 
large matrix- particle interface area. In fact it has now become 
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matrix materials has not been considered except for the above two 
cited examples. 

(iii) Homogeneous Doping of the Matrix : 

Most researchers argue that the homogeneous doping of the 
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CaF^CAl^O^) composite system. Wen et.al.(1983) have pointed out 
that the enhancement may be the result of the formation of defects 
due to dissolution of very small amount of Al^O^ in CaF^, although 
other researchers claimed that this occurs due to the interfacial 
mechanism. 

Mechanism(s) responsible for the conductivity enhancement in 
composite solid electrolytes is(are) still a matter of some 
debate. More than one mechanisms may be operating simultaneously. 
Moreover one mechanism may be responsible in one concentration 
regime while another may be responsible in another concentration 
regime. A composite containing a significant volume fraction of 
well dispersed submicron size particles will have an extremely 
large matrix- particle interface area. In fact it has now become 
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widely accepted that the overall effect of forming the composite 
is to create a high-conducting path along the interface between 
the electrolyte matrix and the dispersed particles. 

1-7 Statement of the Problem : 

It is clear from the foregoing discussion that considerable 
work has been done on composite solid electrolytes since the 
effect was discovered by Liang in Lil(Al^O^) composite system in 
1973. The phenomenon has been shown to occur for both cationic and 
anionic conductors having either Schottky or Frenkel disorder. The 
mechanism of conduction has been proposed to be essentially the 
formation of high conducting space charge layer at the matrix / 
particle interface though the exact mechanism of formation 
and the characterization of the space charge layer are still 
subjects of intensive research. 

The aim of this work was to investigate a series of composite 
solid electrolytes (CSEs) systematically and comprehensively with 
a view to : 

(i) Contribute towards a better overall understanding of the ion 
transport mechanism in CSEs, 

(ii) Test the various proposed models, especially the space charge 
theory, to explain the enhanced electrical conductivity in the 


CSEs , and 
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(Hi) Develop new alkali (especially Na^) ion-based CSEs for 
possible applications in high energy density batteries. 

To achieve the aforesaid objectives, the following composite 
solid electrolyte systems were chosen for the investigation 

(i) PbX^-Al^O^ CX = Cl, Br, I), and 

(ii) MCl-Al^O^ (M = Na, K, Rb and Cs) 

The lead halides (PbX^) were chosen because PbCl^-Al^O^ is 
reported to show a decrease in the conductivity which is in sharp 
contrast to most other composite systems which show enhancement in 
the conductivity. Thus an investigation of the anomalous 

PbX^-Al^O^ systems may provide some new insight into the 
conduction mechanism of composite solid electrolytes. 

The alkali halides have been chosen because, even though the 
studies on CSEs are numerous and vigorous, surprisingly these, 

with the exception of lithium salts, have not been studied in any 
detail. As such the alkali halides are most suitable host 

materials to investigate the composite solid electrolyte effect 
because they (i) do not undergo any solid^solid transformation at 
ambient pressure (cesium halides being the only exception), and 
thus provide a wider temperature range of study, (ii) are less 
hygroscopic (except lithium salts), and lastly but most 

importantly (iii) their defect and conduction mechanisms are 
reasonably well understood. 
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It may be pointed out that CsCl is different from the rest of 
the alkali metal chlorides (MCI) in that it undergoes a B1 (rock 
salt) < — > B2 (CsCl) structural transformation at 470^C at 
atmospheric pressure, and that both its phases are normal ionic 
conductors. Thus the studies on CsCl-Al^O^ system offer additional 
opportunity to examine the effect of dispersion on the phase 
transition behavior. For this reason, the results on CsCl-Al^O^ 
system are discussed separately in Chapter 6 while those on 
MCl-Al^O^ (M=Na, K, Rb) in Chapter 5. 



CHAPTER 2 


THEORETICAL ASPECTS 

2.1 Complex Impedance Analysis : 

The electrochemical processes in galvanic cells cannot be 
represented by a simple combination of ideal resistances alone. 
Simple dc measurements cannot yield the dc resistance of the 
samples because of the choice of electrodes and the polarization 
at the electrode/electrolyte interface. The processes, however, 
can be represented by an equivalent circuit involving resistors, 
capacitors, inductors etc. (Randles, 1947). An equivalent circuit 
represents the way in which various current carrying elements in a 
galvanic cell are arranged. 

The complex impedance spectroscopy is a technique to separate 
the contributions from various processes such as electrode 
reactions at the electrode/electrolyte interface, and the 
migration of charge carrying species through the grains and across 
the grain boundaries. AC complex impedance spectroscopy was first 
applied to solid electrolytes by Bauerle (1969). With the 
development of both electrode and electrolyte materials for solid 
state electrochemical devices such as batteries, sensors, fuel 
cells and electrochromic devices, the impedance spectroscopy has 
become an inevitable part of the characterization process 
(Raistrick, 1986; Martin and Angell, 1986; Almond and West, 1983; 
Hodge et.al. ,1976). 
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The technique involves applying a sinusoidal signal of low 
amplitude across a solid electrolyte cell. The output signal, 
which is also a sine wave (Hooper, 1985; Badwal , 1988) , is compared 
with the input signal to determine the impedance modulus and phase 
shift corresponding to the equivalent circuit which represents the 
cell assembly, i.e., electrode/electrolyte/electrode. The complex 
impedance Z(o)) at an applied frequency o) can be written as : 


Z{o)) = J2j 


( 2 . 1 ) 


where Z^ is the real and Z^ is the imaginary part of the complex 

2 2 

impedance. The magnitude of the complex impedance is 2 = ViZ^+ Z^) 

R I 

“1 

and the phase angle is 0=tan (Z^/Z^). 

i R 


For a resistance (R) and a capacitance (C) in parallel, the 
complex impedance ZCw) is given by : 


R 


Z{w) = 




R + - 


jwC 


( 2 . 2 ) 


or, Z(w) = 


R 


+ J 


-R^w C 


, 2 ^ 2„2 , 2 ^ 2„2 

1+cjCR 1+o>CR 


(2.3) 


Thus, the real and imaginary parts of Z(a)) are 


2r = 


R 


2 2 2 
1 + w C R 


(2.4) 
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(2.5) 


( 2 . 6 ) 


which is the equation of a circle of radius R/2, with its centre 
at (R/2,0). 


Fig. 2.1 shows the various impedance behaviors observed in the 
solid electrolytes. A cell system consisting of an electrolyte 
which has only one mobile ionic species, and two non-blocking 
electrodes made up of the same material as the mobile species, has 
an equivalent circuit (Fig. 2. la) which is a parallel combination 
of a capacitor C^, representing the geometrical capacitance of the 
cell, and a resistance R representing the bulk resistance of the 
electrolyte. The bulk resistance" can be obtained from the 
intersection of the semicircle and the real axis of the complex 
spectra. However, it is often difficult to use non-blocking 
electrodes. For example, for fluoride ion conductors, fluorine is 
in gaseous form at ambient temperature. Moreover, the use of 
blocking electrodes has the advantage of making it possible to 
determine the electronic contribution to the electrical 
conductivity using dc polarization measurements. The equivalent 
circuit for an elementary cell with blocking electrodes is shown 
in Fig. 2. lb. The geometrical capacitance C and the bulk 
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resistance R have been supplemented by a double layer capacitance 
^di which represents the capacitance at the electrode/electrolyte 
interface. In this case also the bulk resistance is obtained from 
the intersection of the semicircle with the real axis. However a 
90 line in addition to the semicircle is obtained for perfectly 
smooth surfaces. The slope of the line decreases with the 
increasing roughness (Archer and Armstrong, 1980). This type of 
frequency response can be represented by a constant phase element 
(Raistrick, 1986; Liu et.al.,1986; and Wang and Bates, 1986) which 
has an impedance Z = ACjZirf) where A is a constant and the 
exponent 'n’ has a value between 0 and 1. 

For a polycrystalline material there may be a contribution to 
the impedance due to the presence of grain boundaries. The grain 
boundaries may act as a hindrance to the ion transport. In some of 
these cases one may detect a second semicircle in the Impedance 
plot representing the grain boundaries (Hooper , 1977; Archer et. 
al.,1980). The bulk resistance in such cases is obtained from the 
intersection of the semicircle with the real axis in the higher 
frequency region. If we have an increased conductivity at the 
grain boundaries it will give an apparent resistance that is lower 
than the real bulk effect (Fig. 2.1c). Thus, a study of the 
conductivity dependence on the grain size may help identify the 
mechanism of conduction. 

For the PbX^-Al^O^ (X = Cl, Br, I) samples investigated in 
this work, the complex impedance spectra consist of a single 
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semicircle in the frequency domain IkHz to 10 MHz. Therefore, such 
cell arrangements are equivalent to the circuits shown in Fig. 
2.1a. However, due to the existence of a double layer capacitance 
owing to the application of blocking Pt electrodes, the equivalent 
circuit is expected to be the one shown in Fig. 2, lb which is not 
observed in case of Pt | PbX^-Al^O^ | Pt cell systems. This could be 
due to the limitation of the Impedance Analyzer to measure the |Z| 
and 0 values correctly and reproducibly at lower frequencies 
(below IkHz) for these systems. In any case, the diameter of the 
semicircular plots yields the dc resistance which has been used to 
calculate the dc conductivity of the samples. For alkali 
chloride-Al^O^ samples, the typical complex impedance spectra 
obtained in the frequency domain 1 kHz-lO MHz are as shown in 
Fig. 2. lb. The resistance associated with the spectra in the high 
frequency region has been used to calculate the (dc) conductivity 
of the samples. 

Another effect observed in the . Impedance plots is that the 
high frequency semicircular portion of the spectrum is depressed 
so that the centre of the circle is situated below the real axis 
(Fig. 2. Id). It has been shown that in this case a constant phase 
element connected in parallel with the bulk resistance will result 
in such a spectrum with a depressed semicircle (Raistrick, 1986; 
Macdonald, 1984). 

2.2 General Theory of Ionic Conductors : 

The electrical conductivity of any material is given by, 
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0 ^ = S q. fi. (2.7) 

i 

where and are the concentration, the charge, and the 

mobility respectively of the ‘i’ th species. The summation is over 
all possible charge carriers (e.g., vacancies, interstitials, 
electrons and holes etc.). In most ionic solids the contributions 
of the holes and electrons to the overall conductivity is 
negligible compared to those of ions. Assuming that only one type 
of mobile species makes a significant contribution to the observed 
conductivity, the Eq. (2.7) becomes : 

cr = n q ju (2.8) 

where q=ze (z is the valency of the mobile ion and e is the 

electronic charge). 

In poor and moderate conductors the charge carriers are 
thermally induced interstitial ions* (Frenkel defects) or vacancies 
(Schottky defects) in the crystal structure. The equilibrium 
concentration of either type of defects is given to a good 
approximation by : 


^ ® V^p[-2kf-] 

where is the free energy of formation of a defect pair at the 
temperature T, n^ the concentration of normal lattice sites, and B 
is an entropy factor which depends upon the crystal structure and 
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the type of defect involved (Jacobs and Tompkins, 1952). 


The variation of mobility with temperature for poor and 
moderate conductors may be expressed as ; 




2 

.a ei^ 

= A-3^exp 


1 

m 1 


kT 


( 2 . 10 ) 


where is the free energy of migration of the mobile species 

through the lattice, v the frequency of vibration, a the jump 

distance, and A a factor which accounts for the change in G with 

m 

temperature (Jacobs and Tompkins, 1952). 

Combining Eqs.(2.8), (2.9) and (2.10) one obtains a general 
expression for conductivity (cr) as follows : 


C- = 5 exp[{(-Gy2)-(G )/kT}] (2.11) 

1 I m 

In terms of the corresponding enthalpy (H) and entropy (S), viz., 

G^ = H^-TS^ (2.12a) 

and, G = H -TS (2.12b) 

m mm 

Eq. (2.11) can be rewritten as : 

O' = (O' /T) exp [{(-H-/2)-H >/kT] 
o ^ f m 


(2. 13a) 
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or, crT = O' exp[-E’/kT] (2.13b) 

o a 

where = (H^/2 + H^) is the overall activation energy for 

conduction. Thus a plot of logCcrT) vs 1/T is linear whose slope 

yields the overall activation energy E’ = H_/2 + H . However since 

the variation of log(T) over the experimental temperature range 

(300 K to 900 K) is negligible in comparison to that of logcr, a 

plot of log(cr) vs 1/T is also found to be linear and is preferred 

because of its obvious simplicity. However the activation energy 

(E ) obtained from this plot is slightly lower than E' obtained 
a a 

from Eq,(2.13b) by an amount equal to the thermal energy (kT), 

i.e. » E = E* - kT. 
a a 

Generally a plot of log cr versus 1/T for a nominally pure 

ionic solid consists of two linear segments; a high temperature 

linear region which is an intrinsic property of the material, and 

a low temperature extrinsic region characterized by a lower slope 

(hence lower activation energy). The intrinsic region relates to 

the temperature range in which the dominant defects are those 

which are present due to thermodynamic considerations. In this 

case E is the sum of half the formation (H^)energy of formation 
a I 

and migration (H^) of defects. The extrinsic region relates to the 

temperature range in which dominant defects are those introduced 

by the addition of aliovalent impurities and are present due to 

charge neutrality conditions. Here E is simply the migration 

a 

energy (H^) alone. The position of extrinsic-intrinsic transition 
temperature is known as knee temperature, and is often used as a 
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measure of impurity level in the crystal. The complete 
conductivity curve (logcr vs 1/T) is, therefore, generally a 
superposition of two line segments corresponding to : 


1. A^exp (— E^/kT) in the low temperature, extrinsic region. 

2. A^exp (— E^/kT) in the high temperature, intrinsic region. 


The activation energy E^ is less than E^ (typically E^/E^ = 
1/2), and A^ is by far less than A^. A^ is independent of the 
purity of the material, while A^ increases as the impurity of the 
specimen increases. Moreover, the knee temperature increases as 
the impurity concentration increases in the sample. 


The conductivity data may be used to calculate the diffusion 


coefficient (D^) for the mobile charge carrying species via the 
Nernst-Einstein relation : 


cr ne 


D kT 

q 


(2.14) 


The value of diffusion coefficient in the Eq.(2.14) may not 
necessarily be equal to the diffusion coefficient as measured 

from the radioactive tracer technique. The ratio is known as 

the Haven ratio. A given mechanism or a combination of mechanisms 
leads to unique value of Thus experimental determinations of 

can usefully lead to the identification of a particular 
transport mechanism. The neutral defects contribute to but not 
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and thus H will be larger in their absence. Moreover H- is 
4 R 

anomalously small in the presence of any electronic conductivity. 
In the case of very large defect concentrations will be close 
to unity. The temperature dependence of the tracer diffusion 
coefficient also has the same form as the conductivity, viz. , 

D = D expC-EVkT) (2.15) 

o o A 

where E. = E , if the diffusion and conduction mechanisms are the 
A a 

same and the electronic conductivity is negligible. 


2.3 Theory of Composite Solid Electrolytes : 

The enhancement in conductivity of normal ionic conductors by 
dispersion of insulating particles such as Al^O^, ^^^2 stands 
in stark contrast to the Maxwell's theory (1881), according to 
which the conductivity should decrease monotonically with the 
addition of insulating particles. The effect suggests that such 
dispersoids cannot act as essentially simple diluents of the 
conducting phase in a manner envisaged by Maxwell. Instead of 
that, by processes, yet to be firmly established, either each 
dispersoid induces changes in the charged defect concentrations in 
the surrounding matrix so that the conductivity of the host phase 
is enhanced (Jow and Wagner, 1979; Maier, 1984,1985,1986,1987), 
or that each particle acts as a carrier of some chemical species 
(e.g. water molecules) which interacts with the host to form a 
high conductivity coating surrounding each inclusion (Stoneham 
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et.al., 1979). Thus, by one (or both) of these means a potential 
mechanism is introduced to counteract the dilution effect, which 
alone, is incorporated by the Maxwell’s theory. 

On the assumption that via some process of charge transfer or 
interfacial point defect trapping, the spatial redistribution of 
defects is the dominant operative mechanism, Jow and Wagner (1979) 
have highlighted two specific alternatives. One is that the 
formation of a charged double layer, while occurring at or near 
the dispersoid surface, influences the conductivity predominantly 
via changes in the defect concentration far from each inclusion. 
The second possibility is that the major effect on the overall 
conductivity resides in the much greater enhancement in defect 
concentration in the double layer itself. Wagner (1972) discards 
this eventuality on the basis of the volume fraction occupied by 
each such inclusion. Jow and Wagner (1979), however, favored the 
second possibility over the first one on the basis of its apparent 
ability to reproduce certain experimentally observed features. 
Stoneham et.al. (1979) extended the Landauer (1973) effective 
medium model successfully for the LiKAl^O^) composite system and 
the composition dependence of conductivity. Maier(1984, 1985,1986) 
treated the space charge region as a separate phase and considered 
the normally conducting, insulating and space charge layer as a 
network of parallel resistors. Maier (1985) formulated the defect 
concentration profiles in the space charge region at the 
matrix-particle interface and gave a semiquantitat ive theory to 
account for the enhancement in conductivity in composite solid 



46 


electrolytes. 


Bunde, Dieterich and Roman (1985, 1986) examined the 
conductivity enhancement in composite solid electrolytes purely 
from the macroscopic point of view. The model assumes the 
existence of a high conducting interface between normally 
conducting matrix and non-conducting dispersed phase without going 
into the mechanism of its formation. The normally conducting, 
highly conducting and the non-conducting bonds are mapped on to 
the problem of random walk (Bunde et.al,1986) on a lattice with 
three types of bonds (hopping rates) and the diffusion coefficient 


is calculated 

by means 

of 

Monte-Carlo 

simulations. 

The 

numerically exact 

solution 

of 

the problem 

consists 

of 

two 

threshold concentrations 

of 

the 

insulating phase, viz. , 


and 

p’ ’ . At p=p’ the 
c 

onset 

of 

high 

conductivity 

occurs and 

at 

the 


concentration st conductor-insulator transition takes place. 
The model gives a characteristic dependence of the overall 
conductivity on composition which is in remarkable agreement with 
experimental observations. Some of the important models are 
discussed in detail in the following sections. 

2.3.1 Jow and Wagner (1979) Model : 

The existence of space charge regions near the lattice 
discontinuities (free surfaces, dislocations and grain boundaries 
etc.) in an ionic crystal was first proposed by Frenkel (1946). 
The charge distribution profiles have been formulated by several 
researchers (Lehovec, 1953; Eshelby et.al., 1958; Kliewer and 
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copper ion vacancies (Wagner and Wagner, 1957). Following the 
Kliewer and Koehler’s (1965) treatment in the case of CuCl, the 
concentration of copper interstitials, n^(x), and copper vacancies 
nv(x), in a crystal of finite length in x direction and infinite 
length in y and z direction is given as follows : 

n^(x) = N exp["-{F^ - e0(x)}/kT] (2.16a) 

n^(x) = 2N exp[-{F. + e0(x)}/kT] (2.16b} 

where N is the number of CuCl molecules per unit volume, F the 
free energy of formation of a copper ion vacancy and F^ that of a 
copper ion interstitial, and potential 0(x) is the solution of 
Poisson’s equation : 


d^0(x) 

dx 


-4np(x) 


(2.17) 


where p(x) = e(n^(x) - n^(x)), is -the charge density and c is the 
static dielectric constant. Substitution of the solution of <^(x) 
in Eqs.(2.16) gives the complete dependence of the defect 
concentration on position x. The space charge layer extends a 
distance roughly equal to A which is expressed as (Kliewer , 1966) : 


^ exp[(e0 - F )/kT] 

[ckT ^ ^00 v 


} 


-1 

2 


(2. 18) 


where <p .the potential difference between the surface and the 
00 


bulk is given by : 



(2. 19) 


<P = -4^(F - F. + kTln2) 
00 2 e V 1 


Thus, from Eqs. (2. 18) and (2.19), X can also be expressed as : 


. (Sue f . 
A = n (co) 

[ckT V 


“1 

2 


Sire 


CkT 


(oo) j 


-1 

2 


( 2 . 20 ) 


where n^(cxD) and n^(oo) are the equilibrium defect concentrations of 
copper vacancies and copper interstitials in the bulk. Since the 
defect concentration near the surface of an ionic solid is 
different from that in the bulk, the conductivity near the surface 
differs from that in the bulk as well (Lehovec, 1953) . Considering 

3 

the conduction in a volume of (47i/3)r^ containing one dispersed 
particle of radius r^ as shown in Fig. 2. 2a, the total conductivity 
of the system can be written as : 


O' = cr + Act (2.21) 

o^ 

where cr is the conductivity of the bulk, and Act is the 
o 

contribution due to space charge layer between r^ and r^. In the 
spherical polar coordinates, Act will amount to : 


Act = E e 
i 


^2 2 2 
S S [n, (r) - n.(c»)]r dr sine de d<p 

^10 0 ^ 


^2 2 ‘^'^2 

X X X r dr sin0 de d(f) 
^10 0 


( 2 . 22 ) 


where p. is the mobility of the ‘i^ th defect species which is 



X 



0 n rz 


Fig. 2. 2 (a) Schematic cross sectional view, (b) defect concentr- 
ation profile and, (c) average excess charge density in 
space charge layer for a single AI 2 O 2 particle dispersed 
in a matrix. 
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assumed to be independent of the position, n^(r) and n^(c») are the 
defect concentrations at a point r and in the bulk, respectively. 
The defect concentration profile, along the x direction from the 
surface of the particle into the bulk of the crystal, is shown in 
Fig. 2. 2b. Assuming that the thickness of the space charge layer is 
smaller than the radius of the dispersed particle, i.e. A « r^, 
the excess defect concentration can be taken to be the arithmetic 
mean, <An^>, of the defect concentrations immediately at the 
surface and in the bulk as shown in Fig. 2.2c. Thus, Eq.(2.22) can 
be solved to yield : 


Act = 2 e 
i 


<An. > 
1 


47rr^ A 


471 , 3 3 . 

- ■'l’ 


(2.23) 


The ratio ^ function of volume fraction of the dispersed 
second phase. Assuming rj« r^, (r^/r^)^^ V^, the Eq.(2.23) can be 
rewritten as : 


Act s 3 E e|i^<Anj> (A/r^ ) 



(2.24) 


where <An^> and A are the functions of temperature. 

Eq.(2.24) provides a qualitative explanation for the 
temperature dependence of the conductivity in the composite solid 
electrolytes. The experimentally observed fact that the ionic 
conductivity of the composites in relation to the pure hosts are 
larger at low temperatures than those at higher temperatures is 
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reflected in Eq.(2.20). As the temperature increases the Debye 
length, A, decreases because the defect concentration is a 
stronger (exponential) function of temperature. Eq.(2.24) also 
accounts for the decrease in the conductivity with increase in the 
size of the dispersed particles. The model, however, fails to 
explain the observed maximum in the conductivity at a particular 
concentration of the dispersoid and also the mechanism leading to 
the enrichment of the defect concentration in the space charge 
region of various composite solid electrolytes. 

2.3.2 Maier' s Theory of Heterogeneous Doping : 

Maier(1984, 1985, 1986) considered how exactly the surface 
charge layer is formed on account of possible surface interactions 
of the mobile defects in the matrix phase with the dispersed 
second phase allowing a complete and quantitative description of 
the effect. 


For a composite system of a Frenkel disordered ionic 
conductor (MX) in contact with a chemically inert second phase 
(A), the Frenkel disorder reaction at the interface can be split 
into the separate formation reactions of the vacancies 
interstitials (Mn : 

* V ** “a * ''m 

Ma + Vi « Mj * Va 

Where the Kroger-Vink notation is used; the subscripts M, i and A 


(2.25a) 

(2.25b) 
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Indicate a regular cation (M ) site, an interstitial site and an 
interface site respectively, and the superscripts (.} and (’) 
indicate an excess positive and negative charge. 

Due to the requirement of the local electroneutrality, in 
thermodynamic equilibrium the concentrations of interstitials and 
vacancies are identical in the bulk of a crystal. Near the 
surface, and/or equivalently near every heterogeneity such as 
matrix-particle interface, however, these concentrations may 
deviate from each other (Fig. 2. 3). If the free energy of the 
reaction Eq. (2.25a) (A^^G^) is exceeded by the free energy for 
reaction Eq. (2.25b) (A^^G^), then the surface will be enriched 
with the cations. Such an energetic interaction, if high enough to 
overcompensate entropic effects, lowers the free energy of 
formation of a vacancy and enlarges the free energy of formation 
of an interstitial compared to the intrinsic values. As a result 
the vacancy concentration (N^) will be enlarged with respect to 
the bulk concentration (N ), i.e.,'the boundary regions will be 

CO 

depleted of cations. On the other hand, if the free energy change 
of Eq. (2.25b) exceeds that of the reaction Eq. (2.25a), the cations 
will be driven into the space charge region and the concentration 
of interstitials will be larger than the bulk concentration N^. In 
equilibrium this locally realized space charge (N^ ) is fixed 
and the resultant electric field in its energetic influence is 
compensated by the variation of the chemical potential. 


The criterion for a charge carrier rich boundary region is : 
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VG°/2| = 2kT |ln(N^^/N^)| » kT (2.26) 

where Ap,G = "*■ is the Gibbs free energy of the 

Frenkel reaction, N the concentration of vacancies at the 

VO 

interface and N is the bulk concentration of vacancies (and of 

CX3 

interstitials). The concentration of vacancies (or interstitials) 
in the bulk of a crystal is given by the law of mass action as 
follows : 


N. = N = N = -/K = exp[-A^G°/2kT] (2.27) 

1 CO voo CO F F 


where K„ is the Frenkel constant. From the law of mass action it 
F 

follows : 


N N. = = K„ (2.28) 

VI 00 F 

The concentration profiles of the charge carriers in the surface 
charge layer can be obtained from the constancy of the 
electrochemical potential, the Poisson’s equation, and the 
boundary condition that the electric field (~ ^ ) vanishes in the 
interior of the crystal. Following the Kliewer’s (1966) treatment 
the concentration profiles of and in the space charge layer 

are given as : 

N = N exp(z) (2.29a) 

V voo 

N. = N. exp(-'Z) , 

1 loo 


(2.29b) 
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where 2=4 tanh ^{e^ ^^^^tanh(z /4)}, (2.30) 

o 

with 2 = 2(x=0) = ~(A a. ,G^)/(2kT), (2.31) 

o vA lA 


and A is the Debye length which character i 2 es the effective 
thickness of the space charge layer and is given by : 



f cc kT 
o 


2e^N 


1 . 

2 


(2.32) 


where ce is the absolute dielectric constant, e the electronic 
o 

charge and is the density of the defects in the interior of the 
crystal . 


Defining the normalized concentration (<) and normalized 
space coordinate (^> : 

N ' N, 

^ ^ and <.= 

N " N 

00 00 

^ X 

and, ^ ~ X 

Using Eqs.(2.33), the concentration profiles and Eqs.(2.29) 
can be rewritten in a more appropriate form : 


(2.33a) 

(2.33b) 



Fig. 2 
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3 Concentration profiles for cation vacancies and interstit- 
ials in a Frenkel disordered material from the free 
surface and, surface in contact with a second phase 'A' 
into the interior of the crystal. 



Fig. 2. 4 A crystal MX in contact with a second phase 'A'. 
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(2.34a) 


(2.34b) 


(2.35a) 


(2.35b) 


The contribution of the space charge layer to the conductance 
can be calculated by imagining a system of parallel layers of 
crystal MX and phase A, and measuring the resistance parallel to 
the interface as shown in Fig. 2. 4. The electrodes are fixed 
perpendicular to the interface. The total conductance of the 
system, for the sake of simplicity being freed of unimportant 
geometric parameters in y and z directions, is 

G = G. + G^ + AG (2.36) 

A o 

where G, is the conductance of the second phase including possible 
A 

contributions of the interaction layer and G is the conductance 

o 
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of MX phase due to bulk defect concentrations. AG is the space 
charge contribution to conductance due to excess defects in the 
space charge region and is the sum of the contributions from the 
vacancies (AG)^, and the interstitials (AG)^. Assuming the changes 
in the dielectric constant, the mole volume and the mobilities 
and to be negligible and the size of the MX crystal in the 

X direction being large compared to the Debye length A, AG can be 
obtained as follows : 

(AG) = e . [N Ax) - N ]dx (2.37) 

V , i o V , i V , i CO 

Using Eqs.(2.33), Eq.(2.37) can be written as : 


(G). 


V, 1 


e fi . N A X" [C . (?) -l]d? 

V, 1 OO O V, 1 ^ 


(2.38) 


Inserting ^ from Eqs. (2.34a) and (2.35a) into Eq.(2.38) and 

^ I r 

integrating we obtain : 


(AG) 


V, i 


4 A u 

V. 1 


0 . 

V. 1 



(2.39) 


It is assumed that the M ion is stabilized at the interface, 
so that the vacancy concentration is increased in the space charge 
region and the contribution to conductance due to the 
interstitials (AG) , is negligible. Using Eqs. (2.34b) and (2.35b) 

^ r r 

the Eq.(2.39) simplifies to : 


(AG) = e(2A)M t/N N 

V V O V(Xi 


(2.40) 
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and, (AG).=-e(2A)fi.N (2.41) 

1 1 00 

In all practically important cases, one species of the charge 
carriers (either interstitials or vacancies) dominates the 
conduction. In the case of cations being stabilized at the 
interface, i.e. A < A. .G^ and hence N » N » N. , the extra 
layer conductance AG is dominated by (AG) , whereas (AG), is a 

V I 

negligible and negative quantity and as such physically 
unacceptable. Eqs.(2.40) and (2.41) are very fascinating results 
which suggest that the conductance of the space charge region can 
be obtained simply by assuming a resistor of effective thickness 
2A, and the geometric mean of the concentrations in the bulk and 
immediately below the interface as the effective concentration. 

In case of a dispersed system, however, the insulating phase 
A is randomly distributed and the total conductivity of the 
composite depends on the distribution topology of the two phases. 
A parallel switching of the resistivities is, however, exactly 
valid only for the case of parallel layers of A and MX, and it can 
be regarded as an upper limit. However, the parallel switching 
treatment can be retained by simply introducing a correction 
factor /3^ which depends on the distribution topology of phase A 
into the matrix MX and is a measure of deviation from an ideal 
parallel switching ( 13 ^ = 1). The correction factor 13 ^ is given by 
the ratio of effective phase volume, which can be considered as 
being affected by the parallel switching to the whole phase 


volume. 
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The total conductivity (cr) of the composite may be expressed 

as : 


cr = S B (D O' 
oc a a, a 


(2.42) 


where a = A (the second phase including the interaction layer); a 
= L (the space charge region); a = o (the bulk phase; as x oo). 
Assuming spheres of a phase A embedded in a crystal MX as shown in 
(Fig. 2.5a), and A « r^, the volume fraction of the space charge 
layer (a = L) is : 


^ F ^A 
A 

Fig. 2. 5b represents a realistic distribution of particles in the 
matrix MX. Here spheres of the insulating phase A form coherent 
chains in the areas between the MX grains. Assuming the 

conductivity of phase A to be zero, the total conductivity of the 
composite from Eqs.(2.40) and (2.42) can be written as : 

O' = (l-^pjo- + 3 e 13, (2A/r,) (p, fx /N N (2.44) 

o L A A V VO voo 

Substituting for Debye length A from Eq.(2.32) and for (pj^ from 

Eq.(2.43) in the Eq.(2.44), the expression for the conductivity of 
the composite can be written as : 


= (l-<^).)cr + 

A o 


(3/2) p, (<pyrj V(€c RT/V"*) p 
L A A o V 


(2.45) 


The problem of the overall conductivity (o') of a dispersed 
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system is very complex and quite sensitive to the distribution 
topology of the second phase particles. Thus, not only the exact 
problem is analytically intractable, but a precise numerical 
solution depends much on the individual situation to be of general 
interest. For these reasons simplified topologies, still 
representative enough, have been used to arrive at a general 
conclusion Eq.(2.45). Beyond the mathematical simplicity, this 
model corresponds to the most favorable topology and quite well 
fulfills the realistic experimental observations made for a 
variety of composite systems reported in the literature. Eq.(2.45) 
explains the linear dependence of cr on cp in the low concentration 

A 

region. For higher volume fractions the blocking effect of alumina 
becomes important. For very low concentrations, a linear 
relationship cannot be expected because the particles are totally 
isolated. 

2.3.3 Random Resistor Network (Percolation) Model : 

The percolation model, which is also called the Random 
Resistor Network (RRN) model (Bunde, Dieterich and Roman, 1985), 
considers the problem of conductivity enhancement in composite 
solid electrolytes from the macroscopic point of view. It 
basically assumes that the enhancement results from the formation 
of a space charge layer along the interface between the two 
phases. In their model Bunde, Dieterich and Roman (1985) started 
from a square lattice in two dimensions and from a cubic lattice 
in three dimensions. In two dimensions the square lattice has 
randomly occupied squares with probability p (Fig. 2. 6a) and in 
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three dimensions unit cubes occupy the simple cubic lattice with 
probability p (Fig. 2. 6b). Physically the occupied space for both 
the cases represent the dispersed insulating material. The bonds 
connecting the two neighboring sites are regarded as electrical 
resistors. Three types of bonds could be distinguished, (a) highly 
conducting bonds with interface conductance <r , (b) normally 
conducting bonds with interface conductance cr and (c) insulating 

jD 

bonds with conductance cr^ which is zero. For the square lattice 
the bonds are highly conducting if they belong to one occupied 
square, insulating if they correspond to two occupied squares, and 
normally conducting if both the squares are empty. In the case of 
cubic lattice the bonds are highly conducting if they belong to 
either one, two or three occupied cubes and insulating if they 
belong to four occupied cubes, and normally conducting if all four 
cubes are empty. The fractions fg and f^ of highly conducting, 
normally conducting, and insulating bonds depend on the 
concentration p of the dispersoid. For a square lattice the 
corresponding fractions can be written as : 


^ 


fe = (I-P)' 


(2.46a) 

(2.46b) 


f = 1- f - f 
A B C 


= l-p^-(l-p)^= 2p(l-p) 


(2.46c) 


In case of a cubic lattice, four neighboring cubes should be 
occupied to generate an Insulating bond and four neighboring cubes 
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should be empty to generate a normally conducting bond. Thus the 
fractions of the corresponding bonds become : 

(2.47a) 

fg = (l-p)^ (2. 47b) 

4 4 

f^ = 

= 2p(l-p){2-p(l-p)} (2.47c) 

In order to determine quantitatively the total conductivity 

of the composite material, the three types of bonds are mapped 

onto the problem of random walk on a lattice. The three types of 

-1 -1 

bonds are represented by three different jump rates x , x and 

Pi LJ 

x_^(=0), which are proportional to the corresponding conductances. 

L/ 

The walker Jumps between the sites which are the end points of the 
bonds. The following rules of the random walk are used. 


(i) The probability IT^ that a walker takes a jump from a given 

o 

site to one of its nearest neighbors in the direction d is 

proportional to the hopping rate x-,^ in that direction. 

o 


i.e. , 






z 

S 

6=1 



( 2 . 48 ) 


-1 

since 5) =1. 

5=1 ^ 

(il) The total elapsed time t after steps along highly 

conducting bonds and steps along normally conducting bonds is : 

Jd 




Fig. 2.6 Insulating material embedded in a poor conductor (a) for 
a square and, (b) for a simple cubic lattice. 
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( 2 . 49 ) 


as there are no jumps along the insulating bonds, i.e., N^= 0. 

(HI) For large times t, the mean-square displacement of the 
2 

walker <r (t)> is proportional to D(p)t. D(p) is the diffusion 
constant which is proportional to the conductivity in accordance 
with Nernst-Einstein relation. The problem is solved by 
Monte-Carlo simulations. From the asymptotic behavior of <r (t)> 
one can determine the total conductivity of the system. 


The solution of the problem gives two critical concentrations 

of the insulating bonds, namely, and p^'. p^ is related to the 

onset of the enhanced conductivity and defines the lowest 

concentration of the insulating bonds where an infinite network of 

highly conducting bonds is formed (interface percolation). p^‘ 

corresponds to the percolation threshold when all interface bonds 

get disrupted. For simple square and cubic lattice types 

considered here p* and p* * are connected by the relation p’=l-p''. 

i^c c c 

Fig. 2. 7 shows the two phase mixture on a square lattice, for 
different concentrations (p) of the insulating material which is 
represented by the shaded region. For p « p^ (Fig. 2. 7a), a certain 
enhancement of conductivity is expected due to the increment of 
the current flow along cr^ bonds. This enhancement, however, will 
saturate to a finite value even in the limit 77 oo ( tj = 



is a measure of enhanced interface conductance relative to the 
bulk value) » since the cr^ bonds form only isolated clusters. At 
concentrations p=p^, the interface percolation starts and the 
conductivity will increase indefinitely as t) -> oo (Fig. 2. 7b). By 
further increasing p, the conductivity for a given finite rj will 
first pass through a maximum (which is a consequence of the 
maximum at p = 0.5 in f^, Eq. (2.46c)) and then drops suddenly at 
p^* where all the conduction paths get disrupted (Fig. 2. 7c). For 
Pq ^ P'c * conducting material is completely immersed in the 
insulator (Fig.2.7d) and the conductivity vanishes. Comparing 
Figs. 2. 7a to 2.7d, it is observed that the role of conducting and 
insulating phases are interchangeable leading to the relation p^= 
1“P^' for simple square and cubic lattices considered above. 

Fig. 2. 8 shows the normalized conductivity versus 
concentration curves for simple two and three dimensional (2-d and 
3~d) lattices considered above. Since the value of p^ for 2~d 
lattice is larger than that for 3~d lattice, the difference 1- p^ 
= p^’ is correspondingly smaller. Therefore, the conductivity 
versus composition curves are broader for 3~d lattice case as 
compared to the 2“d case as shown in Fig. 2. 8. In principle these 
predictions are experimentally observed for a variety of systems. 
The values for p^ and p^' depend upon the type of lattice or the 
size of the dispersed particles. 

Roman and Yussouff (1987) generalized this model to 
incorporate the particle size effect on the threshold 




Fig. 2. 8 The normalized conductivity as a function of concentration 
(p) for different hopping rates (r) = 20(a), 50 (o) and 

100(A) for 2-d lattice and, for r = 10 (t>), 30 (n) and 100(A) 


for 3-d lattice. 
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concentrations and . They introduced a new parameter *s* 
called the particle size parameter in the model. Fig. 2. 9 shows the 
generalized random resistor network model for the concentration p 
= 0.375 with three different particle sizes, (a) s = 1, (b) s = 2 
and, (c) s = 4. The area of the particles is proportional to 
The concentration of particle in terms of s is 

p = ns^/L^ (2.50) 

where n is the total number of insulating particles and L is the 
length of the lattice. 

Though the concentration of the insulating particle remains 
same in all the three cases, the concentrations of various kinds 
of bonds are different for the three different cases. The 
diffusion coefficient is calculated by Monte-Carlo simulations in 
the similar way. Fig. 2.10 shows the diffusion coefficient, D(p), 
as a function of concentration p for different values of t). As the 
particle size increases from s = 1 (Fig. 2. 9a) to s = 4 

(Fig. 2. 9c), the peak value of D(p) for a constant i] decreases and 
the peak position shifts to higher concentration. The fact that 
D(p), for a fixed p, decreases with increasing s, can be 
understood by noting that the corresponding fraction of highly 
conducting bonds decreases with the increase in the particle size. 
One also expects a shift in the position of maximum since the 
threshold for interface percolation p^ occurs at higher 
concentration for larger particle size while the second threshold 
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Fxg.2.9 The random resistor network model for concentration 
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Fig. 2. 10 Diffusion coefficient as a function of concentration 


(p) for different hopping rates (r) with different 
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remains almost unchanged by increasing the particle size, s. 

Though the random resistor network model does not seem to be 
a realistic one, as serious approximations such as a special shape 
of the second phase particles and a constant interface 
conductivity, are involved. However, from a rigorous point of view 
the random distribution theory is appropriate to solve 
superposition problems in heterogeneous media such as the 
composite systems since the simulated results can be used to mark 
off the range of validity of realistic models such as those given 
by Maier (1985), and Jow and Wagner (1979). 



CHAPTER 3 


EXPERIMENTAL DETAILS 


3.1 Starting Materials : 

The high purity alkali halides were obtained from Aldrich 

Chemicals Inc. (USA) and high purity lead halides were obtained 

from Alfa Products (USA) and MERCK-Schuchardt (Germany). The 

deagglomerated Al^O^ powder of three different particle sizes 

(0.05,0.3 and 1.0 pm) was obtained from Buehler Micropolish II 

(USA). The purity of the chemicals and their other details are 

given in Table 3.1. The as-received ^2*^3 milled 

thoroughly in acetone medium in a ball mill (Fritsch Puloeriette 

Type. 05.202, Germany) for 6-8 hrs to ensure the deagglomeration of 

A1 0 particles. The materials synthesis and processing, such as 
^ o 

melting, grinding and pelletization etc. , of the hygroscopic 
samples were carried out in a controlled atmosphere glove box 
(model GB-80, Mecaplex, Switzerland). 

3.2 Sample preparation : 

Various composite samples have been prepared by two different 
methods: (i) The conventional and, (ii) The solution casting 

methods. Mettler AE 160 balance was used to weigh the desired 
amount of the constituents. 
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Table 3.1 


Details of the chemicals used in this work 


compound 

manufacturer 

purity 

melting point 

density 



(%) 

("O 

(gm/cm^) 

PbCl2 

Aldrich Chemicals 
(USA) 

99.99 

501 

5.85 

PbBr^ 

MERCK-Schuchardt 

(Germany) 

99 + 

373 

6.66 

Pbl^ 

Alfa Products 
(USA) 

98.5 

402 

6. 16 

NaCl 

Aldrich Chemicals 

99+ 

801 

2. 165 

KCl 

Aldrich Chemicals 

99 + 

770 

1.984 

RbCl 

Aldrich Chemicals 

99+ 

717 

2.8 

CsCl 

Aldrich Chemicals 

99.9 

636 

3.988 

a-AlzOs 

Buehler Micropolish 
(USA) Particle sizes 
0 . 3 and 1 . 0 pm 

II - 

2050 

3.965 

r-Ai^Oa 

Buehler Micropolish 
(USA) 0.05 pm 

II - 

2050 

3.97 


3,2,1 Conventional method : 

In this method, the sample preparation involves the 
following steps : 

(i) The appropriate amounts of salt and Al^O^ were weighed and 
ball-milled thoroughly in an acetone medium, 

(ii) The mixture so obtained was heated above the melting point of 
the salt (method-II) in a porcelain crucible to promote the 
bonding of the two phases. In the case of method-I, however, this 
step is left out. 
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(Hi) The fused solid chunk was thoroughly ground in a pestle and 
mortar to distribute the particles more homogeneously. 

(iv) The fine powder was pelletized in a 9mm diameter steel die at 

2 

a pressure of 5 to 6 ton/cm . 

(v) The pellets were generally sintered at a temperature 50^C 
below the melting point of the salt, before being used for any 
measurements. 

(vi) The sintered pellets were electroded with platinum paint 
followed by curing at 160^C for 1 h. 

3,2,2 Solution casting method : 

This method comprises the following steps : 

(i) The salt (matrix) is first ionized in distilled water. 

(ii) An appropriate amount of Al^O^ is added in the solution 
containing the ionized salt. 

(Hi) This solution is magnetically stirred and simultaneously 
evaporated by heating. 

(iv) The solid chunk so obtained is processed as in case of the 
conventional method involving the steps from (iii) to (vi) 
described in the preceding section. 
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3.3 Furnace and Temperature Controller : 

An electrical resistance heating furnace comprising of a 
mullite tube (dia. 1.5^ ) over which Kanthal wire of 22 gauge was 
wound inductively and uniformly has been used. The resistance of 
heating element was ~ 43 Q. A high temperature cement was applied 
over the Kanthal windings to fix them in place. The mullite tube 
with cemented Kanthal wiring was enveloped with a cylindrical 
stainless steel container, and the space between the two shells 
was filled with MgO powder to minimize the heat loss. The two (top 
and bottom) ends were covered by fixing circular asbestos followed 
by steel plates. 

A PID type temperature controller (Indotherm, Model 401D) and 
a chromel-alumel thermocouple were used to control and measure the 
furnace temperature respectively. The temperature was controlled 
to within ±1^C. 

3.4 Sample holder : 

A versatile sample holder which can be used for electrical 
conductivity measurements up to 700^C has been employed in the 
present work. Figure 3.1 shows the schematic diagram of the sample 
holder. It consists of three identical lava discs (dia,'- 2.5 cm 
and thickness 1 cm), each having a central hole and four 
symmetrically located holes near the periphery. A pair of 
stainless steel rods are passed through the two diametrically 
opposite holes to provide support to the sample holder. The spring 
which is so located *that it remains outside the furnace, applies 




Fig. 3-1 Sample holder for electrical conductivity 
measurement. 
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uniform pressure due to spring action to ensure a firm contact 
between the electrodes and the sample. A quartz tube is used to 
provide the body to the sample holder. Thin stainless steel foils 
(dia. ~ 11 mm, thickness ~ 1 mm) were spot-welded with silver 
wires between which the platinum coated samples were sandwiched 
for conductivity measurements. 

3.5 Impedance Analyzer : 

Fig. 3. 2a shows the set-up for conductivity measurements used 
in this work. HP 4192A Low Frequency Impedance Analyzer along with 
HP 16047A test fixture has been employed for the complex impedance 
(modulus z and phase angle 6 ) measurements. The equipment is an 
auto balancing bridge with test signal level from 5 mV to 1.1 V 
with 1 mV resolution. It has a built-in frequency synthesizer 
which has frequency range 5 Hz to 13 M Hz with 1 m Hz frequency 
resolution. There are two display sections, namely Display A and 
Display B, which provide direct readout of the selected 
measurement parameters. 


The impedance measurements were carried out generally in the 
cooling cycle at a temperature interval of around 25 C. Sufficient 
time (about 1 h) was allowed at each temperature for thermal 
equilibration and reproducibility of the data. 

Fig. 3.2b shows the conductivity set-up (Fig. 3. 2a), and the 
block diagram of the impedance measurement set-up (Fig. 3. 2b). The 
dc resistance of the samples were obtained from the complex 



(a) 


I ■' Furnace & Sample Temp. Microvolt 

bridge holder controller DMM 



Silver lead wires Chromel-aiumei 

thermocouple 

(b) 

Fig.3.2 (a) Experimental set-up and, (b) block diagram 
for conductivity measurements. 
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impedance analysis. The electrical conductivity was subsequently 
obtained from : 


cr = (1/R )L/A (3.1) 

dc 

where L is the thickness and A is the area of cross section of the 
pellet . 

3.6 Differential Thermal Analysis (DTA) : 

The differential thermal analysis involves the 
heating/cooling of the test sample at a constant rate alongwith a 
reference sample which does not undergo any phase transformation 
in the temperature range of investigation. Any phase change or 
chemical reaction accompanied by absorption or evolution of heat 
can be readily detected by DTA. The phase transformation 
temperature can be determined by this method and hence the 
presence or absence of the phase can be known. 

In order to confirm that Al^O^ does not form any solid 
solution or a new phase with the matrix material, almost all the 
samples have been investigated by DTA. A mini DTA equipment 
(Linseis L62, Fig. 3. 3) has been employed to carry out the DTA 
measurements. The equipment employs a helics-shaped SiC heating 
element of very small heat capacity which permits a fast and 
efficient heating/cooling rate over a wide temperature range (room 
temperature to 1500^0. Pt/Pt~13% Rh thermocouple was used to 

measure the temperatures of the test (T and the reference 
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(Tpef^ samples. powder was invariably used as the reference 

material. A heating/cooling rate of has been kept ~ 5^C per minute 
was generally employed un this work. 

3.7 X-ray Diffraction (XRD) : 

The X-ray diffraction patterns give the information about the 

constituent phases present in the test sample and the formation of 

compound, if any, as a result of reaction between the 

constituents. X-ray diffraction (XRD) patterns for various 

composites have been recorded using the Rich-Seif ert 

(Iso-Debyef lex 2002D) counter diff ractogram employing a filtered 

Cu K radiation (A= 1.5418 A^). The generator was operated at 30 
a 

kV and 20 mA, the chart speed was fixed at 1.5 cm/min and the 

scanning speed was fixed at 1.2 ^/min. in 20. 

The observed XRD patterns of multiphase mixtures are expected 
to differ from those of the individual phases present in the 

mixture due to superposition of lines common to two or more 
phases. In general, the XRD patterns recorded at room temperature 
for a composite mixture, without heat-treatment (method-I) and 
after heating the mixture above the melting point of the matrix 
(method-I I) or to a reasonably high temperature, showed no 
discernible difference signifying no evidence of any chemical 
reaction or solid solution formation between ^ 12^3 matrix 


material. 
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3.8 Scanning electron microscopy (SEM) : 

The SEM studies were carried out using Jeol model JSM-'840A, 
scanning electron microscope to examine the size and the 
distribution pattern of Al^O^ particles in the matrix material. 
The equipment has a range of magnification from lOx to SOOOOOx. 
The surface of each sample was polished on very fine emery paper 
and cleaned with acetone. Each specimen was gold/silver coated 
using a sputtering unit (International Scientific Instruments PS-2 
coating unit) before taking the micrographs. The micrographs were 
taken at probe current and 15 kV accelerating voltage. The 
magnification was fixed according to the need from SOOOx to 7500x. 



CHAPTER 4 


PbX2 - AI2O2 (X = Cl, Br, I) SYSTEMS 

The dispersion of fine insulating particles such as Al^O^, 
SiO^ etc. (heterogeneous doping) is a well known method to enhance 
the ionic conductivity of normal cationic conductors such as 
alkali, silver and copper halides (Liang, 1973; Jow and Wagner, 
1979; Shahi and Wagner, 1981; Maier, 1984, 1985, 1986) and of anionic 
conductors such as CaF^, BaF^, SrCl^ and Hgl^ (Fijitsu et.al, 
1985, 1986; Pack, 1979; Vaidehi et.al., 1986). However, Brune and 
Wagner (1987) reported a lowering of conductivity in B^Cl^ 
containing dispersion of Al^O^ particles. This result is in stark 
contrast to the reported results on most composite solid 
electrolyte systems where enhancement in conductivity is generally 
observed. The aim of this part of study is to (i) investigate the 
lead halide-alumina (PbX2-Al203; X = Cl, Br, I) systems 
systematically and (ii) examine if the data on these anomalous 
systems lead to any new insight into the mechanism of enhanced 
ionic conduction. 

PbX -A1 0 (X = Cl, Br, I) composite systems of various 
2 2 3 

compositions have been prepared in two slightly different ways as 
described in Chapter 3 (Section 3.2.1). In the first case, the 
appropriate amounts of the constituents are mixed, milled and 
ground followed by pelletization (method-I). In the second method 
the mixture obtained after regrinding was heated above the 
respective melting point of the lead salt before pelletization to 
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ensure a homogeneous dispersion of ^^2^3 P^^ticles in the matrix 
phase (method -II). The pressed pellets of PbCl^-Al^O^ are 
sintered at 450°C, PbBr^-Al^O^ at 300°C and Pbl^-Al^O^ at 320°C 
for ~ 20-24 hrs. 

Most of the composite samples have been investigated by XRD 
and DTA for phase characterization and to find out the solubility 
(if any) of Al^O^ in the matrix phase, and also by SEM to examine 
the distribution of Al^O^ particles in the matrix phase. The dc 
electrical conductivity of various samples has been obtained at 
each temperature from the complex impedance analysis described in 
Chapter 2 (section 2.1). The resistance obtained from the high 
frequency semicircular portion of the complex spectra has been 
used to calculate the dc conductivity of each sample. The results 
of various studies on PbCl2-Al202 presented below followed, by 
those on PbBr2-Al202 and Pbl2-Al203 systems. 

4.1 Pt>Cl2 - AI2O3 System : 

4.1.1 Differential Thermal Analysis ; 

The DTA results for pure PbCl2 and PbCl2-30 m/o AI2O2 
samples prepared by methods I and II are shown in Fig. 4.1. In each 
case only one endothermic peak corresponding to the melting of 
PbCl2 is observed leading to the obvious conclusion that ^^2^3 
remains as a separate phase in PbCl2 - AI2O3 composites prepared 
by both the methods and that no chemical reaction takes place 
between the two components. The decreased peak-heights and 
peak-areas for PbCl2-30 m/o AI2O3 composites (curves b and c in 
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Fig. 4.1) are merely due to lower concentration of PbCl^ in the 
composites compared to the pure salt (curve a). 

4.1.2 X - ray Diffraction ; 

Fig. 4.2 shows the XRD patterns for PbCl^-SO m/o Al^O^ 
composites prepared by the methods I and II. These results show 
that the heat treatment (method II; curve b) does not affect the 
X-ray diffraction patterns which signifies that no chemical 
reaction or solid solution formation takes place between PbCl^ and 
Al^O^ even after the heat treatment. However, since the XRD 
patterns were recorded at room temperature, it is possible that 
some new phase or solid solution formation occurs at higher 
temperature but at room temperature the two parent phases (viz. , 
PbCl^ and Al^O^) separate out. This possibility is, however, ruled 
out by the DTA studies reported above. 

4.1.3 Scanning Electron Microscopy : 

Figs. 4. 3a and 4,3b are the SEM micrographs of well polished 
samples of polycrystalline ^bCl^ and PbCl2-30 m/o ^^2^3 
respectively. The samples were presintered at 450°C for ~ 20 hrs. 
It is observed (Fig. 4. 3b) that Al^O^ particles are dispersed in 
PbCl^ grains. Thus Al^O^ remains as a separate phase and the 
PbCl^-Al^O^ system forms a two-phase composite. 

4.1.4 Conductivity versus Composition : 

The conductivity isotherms for PbCl^-Al^O^ composites at 
three different temperatures, viz. 100, 200 and 300 C, are shown 
in Fig. 4.4. It is found that as the concentration of Al^O^ 
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increases the conductivity decreases monotonically. This behavior 

is in stark contrast to most of the reported results on composite 

solid electrolytes which show substantial enhancement in the 

conductivity instead. It appears that in PbCl^^Al^O^ composites a 

high— conduct ing layer does not form and the addition of an 

insulator results in dilution of the conductivity. Table 4.1 

compares the normalized conductivity, the ratio of conductivity of 

the composite to that of pure salt icr/cr ),for the PbCl -A1 0 

o 2 2 3 

composites at three different temperatures. It is observed that 
the decrease in the conductivity is higher at lower temperatures. 


Table 4.1 

Normalized conductivity (cr/cr^) for PbCl^-Al^O^ composites of 
various compositions at three different temperatures 


* 

composition (Al^O^) - 
(m/o) (v/o) 


cr/<r 

0 


300°C 

200°C 

u 

o 

o 

o 

0 

0 

1 

1 

1 

10 

6 

0.63 

0.41 

0.22 

20 

12 

0.40 

0.17 

0.05 

30 

19 

0. 16 

0.05 

7.2x10“^ 


* 

The particle size of Al^O^ used in this work is 0.05 y.m unless 


otherwise specified. 

PbCl^ is known to be an anionic conductor (Tubandt, 1921, 
1923). However, unlike PbF^, it exhibits Schottky disorder owing 
to the larger size of chloride ions (Simkovich, 1963; De Vries and 
Van Santen,1963; Hoshino et.al.,1969) and the narrow free space 
around interstitial sites (Braekken, 1932). The cation and anion 




0 10 20 30 40 

m/o AI 2 O 3 

Fig. 4.4 logCCT) vs composition (m/o of AI 2 O 3 ) for 

PbCl2-Al203 composites at three different 
temperatures. 
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vacancies (Vp^ and are formed according to the equation : 

0 <=» V’ ’ + 2V‘ (V V + V‘ (4 1) 

One may be tempted to explain the observed decrease in the 
conductivity due to trace amounts of dissolved Al^O^ in the host 
matrix PbCl^, as it is well established that the conductivity of 
ionic solids doped with suitable aliovalent impurities first 
decreases before increasing as the dopant concentration increases 
(Teltow, 1950; Lidiard, 1957; Friauf, 1972). The dissolution of 
Al^O^ in PbCl^, using Kroger-Vink notation, may be described by 
the following relation : 


AI 2 O 3 ^ 2Alp^^ . . 30’^ (4.2) 

Thus one molecule of dissolved Al^O^ produces one excess chloride 
ion vacancy which is also the move mobile charge carrier. Hence 
the conductivity should have increased due to addition of AI 2 O 3 , 
it decreases instead. The decrease in the conductivity could have 
occurred as a result of chemical reaction between the constituents 
and formation of a new compound with a lower conductivity. 
However, both DTA and XRD results rule out the formation of any 
new intermediate compound. 

It would be appropriate to interpret the observed effect of 
dispersion of AI 2 O 3 in PbCl 2 in terms of interaction between the 
nucleophilic groups on the dispersoid (Maier, 1984) and the anion 
vacancies which cause a depletion in the concentration of majority 
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charge carriers. When Al^O^ is added, the positively charged 
species (lead ions) are attracted towards the alumina surface. 
Brune and Wagner (1987) expected the dominant transport to change 
to via the negatively charged cation vacancies V’,’ . However the 
mobility ratio, in PbCl^ at 200°C is 4.18 x lO"^ (Schwab 

and Eulitz, 1967), i.e. the mobility of negatively charged lead 
ion vacancies Vp^ is too low to allow the cation vacancies to 
become the dominant ionic current carriers in the composite. Thus 
it would appear that in PbCl^-Al^O^ composites Pb^'^ ions are 
attracted towards the dispersoid resulting in an increased 
concentration of cation vacancies the space charge layer 

which are relatively immobile. As the product of concentrations of 
cation and anion vacancies is fixed at a constant temperature by 
Schottky constant (Friauf, 1972), the concentration of Cl ion 
vacancies decreases resulting in decreased conductivity in the 
composites. 

4.1.5 Conductivity versus Temperature : 

3 

Fig. 4.5 shows the logcr vs 10 /T plots for pure 
various PbCl^-Al^O^ composites. It is observed that the 

conductivity of PbCl^-Al^O^ composite decreases monotonically as 
the concentration of Al^O^ increases, and that the processing has 
little effect on the conductivity as the results for PbCl^-OO m/o 
Al^O^ composites prepared by both methods (I and II) are similar. 
Table 4.2a compares the ionic transport parameters, viz., the 
overall activation energy and the preexponential factor cr^ for 
pure PbCl^ reported by different investigators. The E^ value found 
in this work agrees, within the experimental error, with those 




Fig. 4.5 iog(Cr) vs 10^/ T for various PbCl 2 -Ai 203 composite* 
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reported by a majority of investigators. 


Table 4.2(a) 


Ionic transport 

parameters, the activation 

preexponential factor (o- ) in 

0 

energy (E ) and the 

E (eV) 
a 

cr (ohm cm) ^ 

0 

reference 

0.34 

1.3 

This work 

0.39 


Gyuali (1931) 

0.40 

8.7 

Simkovich (1963) 

0.30 


De-Vries and 

Van Santen (1963) 

0.22 

- 

Toshima et.al. (1968) 

0.20 

- 

Hoshino et.al. (1969) 

0.35 

- 

Van Den Brom et.al. 
(1972) 

0.33 

- 

Pansare and Patankar 
(1974) 

0.30 

- 

Melo et.al. (1979) 

0.32 

1.7 

Oberschmidt and 
Lazarus (1980) 

The ionic 

transport parameters 

and cr for various 

0 


PbCl^-Al^Og composites are listed in Table 4.2b. It is noticed 

that the E value increases systematically as the concentration of 
a 

the dispersed phase (Al 202 ^ increases in the composite material. 
It would appear that with increasing AI 2 O 2 content in PbCl^. the 
concentration of lead ion vacancies increases which have a higher 


activation energy. 



Table 4.2(b) 


Ionic transport parameters, the activation energy (E ) and the 

0 . 

preexponential factor for various PbCl^-Al^O^ composites in 

the temperature range 100-300°C 


composition (A1 
(m/o) 

2°3^ 

(v/o) 

E (eV) 
a 

cr (ohm~cm) ^ 

0 

0 

0 

0.34 

1.3 

10 

6 

0.43 

6.3 

20 

12 

0.54 

31 

30 (method- I) 

19 

0.63 

70 

30 (method-II) 

19 

0.64 
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4.2 - AI 2 O 2 System : 

4.2.1 Differential Thermal Analysis : 

Fig. 4 . 6 shows the DTA curves for PbBr^ (curve a) and 
PbBr^-SO m/o Al^O^ composite system (curve b). Both samples are 
found to exhibit one and only one thermal event at about the same 
temperature which corresponds to the melting temperature of the 
host matrix (PbCl^). These results suggest that no chemical 
reaction or solid solution formation takes place between the two 
constituents and that the PbBr^ and AI 2 O 2 remain as separate 
phases in the composite. 

4.2.2 X-ray Diffraction : 

Fig. 4. 7 shows the XRD patterns at room temperature for 
PbBr^-SO m/o AI 2 O 3 with (Fig. 4. 7a) and without (Fig. 4. 7b) 
heat-treatment of the mixture at 300°C. The observed XRD peaks in 




Temperature; °C 


Fig. 4.6 DTA curves for PbBr2 (a), and PbBr2-30m/< 
AI2O3 composite (b) . 



PbBr2-30m/o AhO 
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20 (degree) 

me?hod^n'"^ P‘'^''2-30'^'“Al2O3 samples prepared by method I and 
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the two cases (curves a and b) are almost identical, and could 
either be attributed to PbBr^ or to Al^O^. Thus the combined DTA 
and XRD results rule out the possibility of any chemical reaction 
or formation of any new phase between the two constituents. 


4.2.3 Scanning Electron Microscopy : 

Fig. 4 . 8 shows the scanning electron micrographs for 
polycrystalline PbBr^ and PbBr^-30 m/o Al^O^ samples sintered at 
300^C. Fig. 4. 8 b shows a two phase microstructure of Al^^O^ and 
PbBr^. These results therefore suggest that PbBr^-Al^O^ system is 
a composite wherein Al^O^ particles are dispersed in PbBr^ grains. 


4.2.4 Conductivity versus Composition : 


The variation 

of 

conductivity 

as 

a function 

of 

concentration (m/o) of 

AI 2 O 3 

in PbBr^ at 

100 , 

150 and 200°C, 

is 


shown in Fig. 4. 9, Table 4.3 compares the normalized conductivity, 
<r( compos ite)/(r^(hostJ of PbBr 2 -Al 203 composites at the three 
temperatures. It is observed that the conductivity decreases 
monotonically as the concentration of in PbBr^ increases and 
that the rate of decrease in the conductivity is faster at lower 
temperatures. 


Like PbCl , PbBr is a predominantly anionic conductor 
2 2 

(Tubandt and Eggert, 1920). It exhibits Schottky disorder and the 
cation and anion vacancies are formed according to the following 
equation (Schoonman and Verwey, 1968): 


0 ^ Vpb " ^'^Br 


(4.3) 



Xyi^- 




‘i! 



(b) 


g.4,8 SEM micfographs for (a) PbBrj Qnd,(b) PbBr 2 - 
aOm/c AijOs composite sintered at 350°C. 




0 10 20 30 40 

m/o AI2O3 

Fig. 4.9 Conductivity vs composition (m/o of A(203) 
for PbBr2-Al203 system at three different 
temperatures. 
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The classical doping mechanism can be ruled out as a factor 
responsible for the decrease in the cr of PbBr^-Al^O^ composites, 
on a similar basis as for PbCl^-Al^O^ system. 

The decrease in the conductivity of PbBr^ due to dispersion 
of Al^O^ can be explained, as in case of PbCl^'-Al^O^, if we assume 
that the positively charged lead ions are attracted towards the 
nucleophilic groups at the alumina surface and thereby cause an 

Table 4.3 

Normalized conductivity (cr/o'^) for various PbBr^-Al^O^ composites 
at three different temperatures 


composition (Al^O^) 
(m/o) (v/o) 


cr/cr 

0 


200°C 

150°C 

100°C 

0 

0 

1 

1 

1 

10 

5 

0.72 

0.69 

0.63 

20 

10 

0.44 

0.32 

0. 19 

30 

17 

0.15 

3.3xl0"^ 

4.8xl0“^ 


increased concentration of lead ion vacancies, and hence a 

decreased concentration of bromide ion vacancies in the space 

charge layer. However, the lead ion vacancies are far less mobile 

(ii /a a lo"^ at 200°C ) to become the dominant ionic charge 
^Br 

carriers in PbBr 2 -Al 203 composites. Therefore the space charge 
regions around the AI 2 O 3 particles do not control the electrical 
conductivity of PbBr 2 -Al 203 composites and AI 2 O 3 dispersion 
results in the dilution of conductivity in the composites. 
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4.2.5 Conductivity versus Temperature : 

Fig. 4. 10 shows the logcr versus 10^/T plots for PbBr^ and 
PbBr^ containing dispersions of 10, 20 and 30 m/o Al^O^. These 
results reveal that the dispersion of Al^O^ results in a decreased 
conductivity over that of pure PbBr^. Tables 4.4a and 4.4b list 
the Arrhenius activation energy (E ) and the preexponential factor 

OL 

(0^0 ) for PbBr^and various respectively. The 

pure PbBr^ obtained in this work is comparabie, 
within the experimental error, with those reported by Schoonman 
and Verwey (1968) and Hoshino et. al . (1973) . Others have reported 


Table 4.4(a) 

Activation energy (E ) for conduction in PbBr^ 

a Z 


£ (eV) 
a 

reference 

0,20 

This work 

0.28 

SmakulaC1965) 

0.29 

Verwey and Schoonman 
(1967) 

0.29 

Schoonman and Verwey 
(1968) 

0.25 

Van Den Brom et.al. 
(1972) 

0.23 

Hoshino et.al. (1973) 

0.30 

Oberschmidt and 
Lazarus (1980) 


somewhat higher values. As for the PbBr2'"Al20^ composite, the 
value keeps increasing as the concentration of Al^O^ in PbBr^ 
increases, Just as in case of PbCl^^Al^O^ composite system. 




(ujD-uiMO) d5oi 
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Table 4.4(b) 

The ionic transport parameters, the activation energy (E ) and the 
preexponential factor for various PbBr 2 “Al 20 ^ composites in 

the temperature range 100~250^C 


composition(Al^O^) E cr 

Z o a o 

(m/o) (v/o) (eV) (ohm-cm) 


0 

0 

0.20 

8.8xl0“^ 

10 

5 

0.24 

3.3xl0”^ 

20 

10 

0.30 

7.0x10'^ 

30 

17 

0.44 

2.3x10“^ 


4.3 Pbl^ - System : 

4.3.1 Differential Thermal Analysis : 

Fig. 4.11 shows the DTA curves for pure Pbl^ and Pbl2~30 

m/o ^^2^3 composites prepared by methods I and II as described in 

Chapter 3. The lone peak appearing in case of Pbl^ (curve a) is 

due to the melting of Phl^* The DTA curve for the Pbl2-30 m/o 

A1 0 sample (curve b) prepared by method-I also exhibits a peak 
2 3 

corresponding to the melting of pure Pbl^ which implies that the 
Pbl^ in the composite remains as a separate phase at least upto 
the melting point of Pbl^- However, an additional (though minor) 
exothermic peak appears at ~ 450°C which may be due to (i) 

decomposition of Pbl 2 , (ii) release of adsorbed water molecules on 
Al^Og surface or (iii) some chemical reaction between the 
constituents. The DTA curve of the sample prepared by method II 
does not show any thermal event (peak) in the investigated 
temperature range, which suggests that Pbl 2 more there in 




0 200 400 600 


Temperature, °C 


Fig.4J1 DTA curves tor Pbl 2 (a), Pb 12-30 m/o AI2O 
prepared by method I (b) , and method II 
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the composite, and that the sample is a chemically different 
material. The observed change of color of the sample also 
suggested that a chemical change takes place in the samples 
prepared by the method II. It is thus inferred that the samples 
prepared by the method I are two-phase (Pbl^^Al^O^) composites and 
those prepared by the method II, wherein the constituents are 
heat-treated above the melting point of Pbl^, are not two-phase 
composites. 

4.3.2 X-ray Diffraction : 

Fig. 4. 12 shows the X-ray diffraction patterns at room 
temperature for Pbl^-SO m/o Al^O^ composites prepared by the 
methods I and II. The XRD pattern for the sample prepared by the 
method II (curve b) does not contain even the prominent peaks 
present in the curve (a). Moreover, it contains several major 
peaks, which are not at all present in the curve (a). These 
together with the DTA results clearly suggest that the sample 
prepared by method II is a chemically different material, and not 
a two-phase composite of Pbl^ and Al^O^. 

4.3.3 Scanning Electron Microscopy : 

Fig. 4. 13 shows the SEM micrographs of well polished samples 
of polycrystalline Pbl^ and Pbl2~30 m/o Al^O^ composite prepared 
by method I. The samples were presintered at 320^C, well below the 
melting point of Pbl^. (402^0. The microstructure of the composite 
(Fig. 4. 13b) shows that the Al^O^ particles are well dispersed in 
the Pbl^ matrix. Thus the samples prepared by the method-I form a 


two-phase composite. 



Pbl2 - 30 m/o AI2O3 



29 (degree) 

Fig, 4.12 XRD patterns for Pb I. - 30 m/o Al^Oa samples prepared by method l 
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4.3,4 Conductivity versus Composition : 

The dc conductivities of all the samples at various 
temperatures have been obtained from the complex impedance (z, 0) 
analysis. Fig. 4. 14 shows a typical plot of the real part of the 
impedance (z cos0) vs imaginary part (z sin0) of the impedance for 
pure Pbl^. The near-perfect semicircular impedance spectra clearly 
suggest that the electrode/solid electrolyte/electrode assembly is 
equivalent to a parallel combination of a pure resistor and a 
capacitor. Thus the diameter of the semicircular plot yields the 
dc resistance which has been used to calculate the conductivity of 
the samples. The dc conductivity for all the systems investigated 
in the present work has been calculated in this manner at various 
different temperatures. 

Pbl^-Al^O^ composites prepared by the method II show a 
decrease in the conductivity over that of pure The results 
are shown in Fig. 4. 15. The lowering of conductivity may be 
interpreted in terms of a chemical reaction between the 
constituents. The XRD, DTA and change of color of the samples 
suggest that a chemical reaction indeed occurs during the 
preparation of the samples by the method II. These samples were 
not studied in further detail. The results and discussion given 
below pertain to the samples prepared by the method-I only. 

The variation of conductivity as a function of concentration 
(m/o) of AI2O3 in Pbl^ at three different temperatures, viz.. 100, 
150 and 250°C, is shown in Fig. 4.16. It is observed that the 
conductivity increases only slightly up to about 10 m/o of AI2O3 





1.6 


2-0 


2.8 


3.2 


2.4 

10^/T (K"‘') 

Fig.4.15 log (a) vs 10^/T for Pbh and Pbl 2 - 30 m/o AI 2 O 3 
prepared by method -I and method-II . 
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but rises rapidly subsequently and exhibits a maximum value at -^35 
m/o Al^O^. As the concentration of Al^O^ increases further, the 
conductivity decreases rather rapidly. Table 4.5 compares the 
normalized conductivity, the ratio cr(composite)/cr^(host ) , for 
Pbl^-Al^O^ composites at 100, 150 and 250^C. The results show that 
the conductivity of is enhanced by a factor of ~ 25 by the 
dispersion of Al^^O^. These results are distinctly different from 
those on PbCl^^Al^O^ and PbBr^-Al^O^ composites which show a 
decrease in the conductivity. 


Table 4.5 

Normalized conductivity (cr/cr^) for Pbl^-Al^O^ composites of 
various compositions at three different temperatures 


c ompo s i t i on ( A 1 ^ 0 ^ ) 


cr/cT 

0 


(m/o) 

(v/o) 

(100°C) 

(150°C) 

(250°C) 

0 

0 

1 

1 

1 

10 

4 

1.2 

1.3 

1.4 

20 

8 

2.4 

2.2 

2.2 

25 

10 

20 

17 

14 

30 

13 

24 

21 

19 

40 

19 

25 

22 

23 

43 

24 

0. 17 

0.22 

0.79 

47 

27 

- 

0.06 

0.25 

50 

32 

- 

0.04 

0.14 

The 

fact that 

Pbl^-Al^Oj 

composites exhibit 

a maximum 

conductivity at 35 

m/o of AI 2 O 3 

suggests that some 

sort of high 

conducting 

channels 

form through 

the composite material around 
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Fig. 4,16 Conductivity vs composition (m/o of AI 2 O 3 ) 
for Pbl2-Al203 composites at three 
different temperatures. 
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this composition. It could be either due to formation of a high 
conducting phase or a space charge layer along the interface. 

Pbl^ also exhibits Schottky type disorder but, unlike in 
PbCl^ and PbBr*, both cation and anion vacancies are mobile in 
Pbl^ (Tubandt, 1932; Lingras and Simkovich, 1978) . A high conducting 


phase may form as 

a result of 

chemical reaction 

between 

Pblg 

and 

Al^Os* However, 

no new phase was 

detected 

by XRD 

at 

room 

temperature and 

DTA below 

320°C 

(samples 

prepared 

by 

the 


method-I). Alternatively enhanced conductivity phase may result 
due to the solubility of Al 2*^3 follows : 

AI 2 O 3 2Alp^ + V- + 30’ (4.4) 

Thus one molecule of dissolved Al^O^ in excess 
iodide ion vacancy Vj. However, if this were the mechanism of 
conductivity enhancement, only a fraction of a mole percent of the 
dopant (A1 0 ) would have been required to achieve the observed 
enhancement in the conductivity. On the other hand. the 
experiments show that there is very little enhancement in the 
conductivity due to the addition of as large as 10 m/o Al^O^ and 
that the maximum enhancement in the conductivity occurs at 35 
m/o of A1„0 . Therefore the classical doping mechanism does not 
appear to be operative in these composite solid electrolytes. 

The observed enhancement in the conductivity (Fig. 4. 16) may 
be explained in terms of a space charge layer that may form at the 
interface due to interaction between the nucleophilic groups on 
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the Al^O^ surface and the positively charged species. The lead 

ions may be attracted towards the surface causing an 

increase in the concentration of cation vacancies (V’ ) in the 

rb 

matrix in the vicinity of the interface and simultaneously 
suppressing the concentration of anion vacancies (Vj.) as the 
product of the concentrations of cation and anion vacancies must 
be constant at a fixed temperature. The lead ion vacancies V’ in 
Pbl^. unlike in PbCl^ and PbBr^, are relatively more mobile 
probably because of the high polarizability and very large size of 
the l” ions (2.16 X). Under the action of external electric field, 
the l” ions are highly polarized, thus reducing the activation 
j 3 ari~ier for Pb^ ion migration. Therefore, the increased 
concentration and the relatively large mobility of the lead ion 
vacancies in the space charge region may result in the enhancement 
of conductivity in Pbl^-Al^O^ composites. 

The above results are also consistent with the random 

resistor network (RRN) model (Bunde et.al.,1985, 1986) which 

presumes the formation of a high conducting space charge layer 

along the normal conductor-insulator phase and predicts the 

existence of two critical concentrations of the dispersoid, viz., 

p’ and p’ ’ . At the lower critical concentration p^, the high 
c 

conducting layers begin to form connected pathways, and at the 
higher critical concentration p^ , the connected pathways get 
disrupted as they begin to from closed loops due to Increased 
concentration of insulating bonds. The results in Fig. 4.16 do 
show that the conductivity rises rather rapidly initially, passes 
through a maximum at 35 m/o AI 2 O 3 and subsequently drops rather 
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rapidly. Thus the space charge mechanism appears to control the 
conductivity in Pbl^-Al^O^ composites. 

It has been reported previously that the magnitude of 

enhancement in the conductivity depends upon, among other factors, 

the morphology or the surface activity (Maier, 1985; Shukla 

et.al., 1988), the shape (Slade and Thompson, 1988) and the size 

(Nakamura and Goodenough, 1982; Chang et.al, 1984) of the 

dispersoid. To investigate the effect of surface activity, the 

AI 2 O 3 particles were treated with a basic medium (NaOH; PH=9.6) 

and it was found that the NaOH-treated particles were almost twice 

as effective in the conductivity enhancement as the untreated 

particles (see Section 4.3.6). Table 4.6 summarizes the normalized 

conductivity of Pbl^-SO m/o Al^O^ (as-received) and Pbl^-SO m/o 

A1 0 (NaOH-treated) at three different temperatures viz., 100, 150 
2 3 

and 250°C. The increased effectiveness of NaOH-treated AI 2 O 3 

Table 4.6 

Normalized conductivity (cr/cr^) for Pbl^-SO m/o Al^O^ composites 
containing dispersion of as-received and NaOH-treated Al^O^ at 


three different temperatures 


type of 


e/o' 

0 



100°C 

150°C 

250°C 

AI 2 O 3 

24 

21 

19 

(as-received) 




AI 2 O 3 

49 

49 

47 

(NaOH-treated) 





particles leads to the conclusion 


that the surface chemistry and 
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hence the interface plays a dominant role in the conductivity 
enhancement. 


4.3.5 Conductivity Versus Particle Size : 

Table 4.7 compares the normalized conductivity of Pbl2'~30 
m/o Al^O^ composites for three different particle sizes at three 
different temperatures 100, 150 and 250^0. Evidently, the relative 
enhancement in the conductivity is higher for lower particle sizes 
of results are comparable to those reported earlier 
(Jow and Wagner, 1979; Nakamura and Goodenough, 1982; Chang et.al., 
1984). Various proposed models describe rather empirically, the 
conductivity enhancement as a function of the inverse of the size 
of the dispersed particles. Some studies have emphasized the 
correlation between the enhancement in the conductivity and the 
effective surface area of the dispersed phase (Slade and Thompson, 
1988). However, for a quantitative comparison between the 
theoretical predictions and the experiment, the electrical 
conductivity expression given by Maier (1985) (Chapter 2; Section 
2.3.2) can be rewritten as : 


cr 


cr 

o 




(4.5) 


where, K = (3v/2/<r^) /(ce^RT/v"’) 


(4.6) 


which is a constant at a given temperature (T) and a fixed 
concentration <p^ of the dispersoid. Other terms have their usual 
meaning (Section 2.3.2). Thus a plot of the normalized 
conductivity. (r(composite)/(r^(host) , versus inverse of particle 
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size (1/r^) should be a straight line whose slope should be equal 
to the constant K. Thus the constant K can be calculated as well 
as determined from the experimental data, and hence compared to 
test the Maier’s theory of heterogeneous doping (Eq.4.5}. 


Table 4.7 lists the particle size pm), inverse particle 

-1 -“1 

size (r , cm ), and the normalized conductivity (cr/cr ) at 100 
n o * * 

150 and 250^C for Pbl^-OO m/o Al^O^ composites. Fig. 4. 17 shows the 

plot of normalized conductivity ((t/ct^) versus inverse particle 

size at the three temperatures. Even though the graphs are 

reasonably good straight lines, it need to be stressed that there 

are, unfortunately, only three data points corresponding to the 

three different particle sizes of Al^O^ that are available. 

Nevertheless, the conclusions drawn from these results may be 

fairly reliable especially in view of the fact that the third data 

“1 4 -1 

corresponding to 0.05 pm (r^ =20x10 cm ) size of the Al^O^ 

particle is so far apart from the rest and yet falls on the line 

-1 4 

joining the other two data points (with r^ =3.33x10 and 
4-1 

1x10 cm ). Thus the fact that the plots are linear and their 
slopes decrease as temperature increases is very much in 
accordance with the model, which predicts that the slope K should 
decrease as temperature increases because at a fixed concentration 
(pj^ of the dispersoid, 


K a 


VT 

n (T) 

V 


(4.7) 


where n^(T) is a strong (exponential) function of temperature and 
thus increases much more rapidly with temperature than VT, and 
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hence K should decrease as temperature increases. 


The experimental values of the slope (Fig. 4. 17) are listed in 
Table 4.8. In the absence of any mobility or diffusion studies on 
Pbl^^ the conductivity of the composites and K values could not be 
calculated and compared with the observed values. Nevertheless, 


Table 4.7 

Normalized conductivity (cr/cr^) for Pbl^-OO m/o Al^O^ composite for 
three different particle sizes of ^^2^3 three different 

temperatures 


* 


particle size 
of Al^O^. 

(jJtn) 

inverse 


cr/cr 

0 


part. size 

r.^do'^cm 

A 

(100°C) 

(150°C) 

(250°C) 

0.05 

20 

24 

21 

19 

0.3 

3.3 

8.9 

7.8 

6.5 

1.0 

1.0 

7. 1 

5.9 

4.5 

As quoted by 1 

the manufacturers (Buehler Micropolish II, USA). 


Table 4.8 


Calculated values of the slope 

of normalized conductivity ((t/o-^) 

, -1 

vs Inverse particle size l.r^ 

) in Pbl^-SO m/o Al^O^ composite 

Temperature (°C) 

K , (cm) 
cal . 

300 

8.7x10”^ 

400 

7.9x10'"^ 

500 

7.7xl0”^ 


the K values obtained from the 


experimental data (Table 4.8) 
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appear reasonable as these compare well with those (K values) for 
MX-AI2O2 systems for which good agreement is found between the 
calculated and the observed values (see Chapter 5). 

The RRN model (Roman and Yussouff, 1987) is also found to be 
in qualitative agreement with the observed results. For larger 
particles, the surface area per unit volume available for forming 
high conducting bonds is less and hence the enhancement in the 
conductivity is less than that for smaller particles. The observed 
dependence of conductivity of Pbl^-Al^O^ composites on the 
particle size of Al^O^ (Fig. 4. 17) further supports the view that 
interface between Pbl^ matrix and dispersoid Al^O^ is responsible 
for the observed conductivity enhancement. 

4 . 3.6 Conductivity vs Temperature : 

The logarithm of dc conductivity, log(o'), as a function of 

inverse temperature for various Pbl^'Al^O^ composites is shown in 

Fig. 4. 18. The preexponential factor (cr^) and the activation energy 

(E ) are given in Table 4.9. Unlike PbCl2“Al202 and PbBr2“Al202, 
3l 

the activation energy for conduction remains almost unchanged in 
Pbl„-Al 0 composites, at least upto 40 m/o AI2O2, which would 
suggest that the defect and conduction mechanisms in Pbl2 do not 
change on additipn of AI2O3. According to the space charge theory 
discussed earlier, Pbl2-Al203 composites conduct via excess 
Pb^'^ion vacancies. Thus the fact that the migration energies in 
the composites and pure Pbl2 are nearly equal would suggest that 
Pb^-^ion vacancies also contribute to the conduction process in 
Pbl2. Unfortunately, the defect and conduction mechanisms in Pbl2 






1.5 


2.0 


3.0 


2-5 

10^/T (K“’ ) 

Fig. 4.19 log (CT) vs 10^/ T for Pbl 2 and Pbl2“30m/o AI 2 O 3 
composites with as- received and NaOH- treated 
AI2O3 . 
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is same for the two samples which implies that the basic 
conduction mechanism remains the same, viz., via Pb^^ion 
vacancies . 

Fig. 4.20 shows the log(cr) vs 10^/T plots for Pbl^-SO m/o 
Al^^O^ f'or three different particle sizes of ^ 1 ^, 0 ^, viz., 0.05, 
0.3, 1.0 fim. The enhancement in the conductivity is higher for the 
lower particle size of Al^O^. These results have been discussed in 
Section 4.3.5. The activation energies and the preexponential 
factors are listed in Table 4.10. It is observed that the 
activation energy is independent of the particle size which 
implies that the conduction mechanism remains the same for all the 
three particle sizes. 


Table 4.10 

Ionic transport parameters, the activation energy (E^) and the 
preexponential factor Pbl2“30 m/o AI 2 O 2 composites for 

three different particle sizes of ^£^3 temperature range 

100-20C}°C 


Particle 

of AI 2 O 3 

size 

(pm) 

E 

a 

(eV) 

O' 

° -1 
( ohm . cm ) 

0.05 


0.26 

1.7 X lO'^ 

0.3 


0.25 

5.0 X 10 “^ 

1.0 


0.24 

2.9 X 10~^ 


4.4 Summary and Conclusions : 

The compositional and particle size dependence of the 
conductivity of composites suggest that matrix-particle interface 
plays a critical role in the conductivity profiles of the 



log O" (11' 
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composites. The Pbl^-Al^O^ composites show enhancement in the 

conductivity whereas PbCl^-Al^O^ and PbBr^-Al^O^ composites show a 

decrease in the conductivity. This behavior has been attributed to 

2 + 

the fact that the Pb ion vacancies are almost immobile in PbCl^ 

and PbBr^, but are as mobile as I ion vacancies in Pbl^. Due to 

2 + 

Al^O^ dispersion the positively charged species (Pb ions) are 

attracted towards the Al^O^ surface causing an increase in the 

2 + 

lead ion vacancies at the interface. As the mobility of Pb ion 

vacancies is comparable to that of anion vacancies Vj in the 

2 + 

space charge regions containing the mobile Pb ions around the 

interface dominate the conduction in Pbl^-Al^O^ composites. This 

behavior is distinctly different from the PbCl^-Al^O^ and 

PbBr -Al-0.» composites wherein the conductivity is depressed due 

to decreased concentration of dominant charge carriers chloride 

and bromide ion vacancies respectively. Though the concentration 

of lead ion vacancies V’ ’ is increased at the interface but their 

rb 

mobility is negligible as compared to that of the anion vacancies. 
Therefore, the space charge regions at the interface do not 
control the conduction in PbCl^-Al^O^ and PbBr^-Al^O^ composite 
systems. Thus, the results on these systems can be explained 
satisfactorily on the basis of space charge theory of conduction 
in composites solid electrolytes. 



CHAPTER 5 


MCI - Al^Og (M = Na, K, Rb) COMPOSITES 

Since the discovery of ionic conductivity enhancement in Li I 
due to dispersion of Al^O^ by Liang (1973), considerable attention 
has been devoted to the study of composite solid electrolytes to 
understand the mechanism of conduction in such systems. The 
conduction in such electrolytes is believed to be different 
from that in the conventional homogeneously doped ones in that the 
fulfillment of local electroneutrality condition is decisive in 
the latter whereas in the case of former, interfaces are utilized 
to give rise to high ionic conductivity, and the deviations from 
electroneutrality at the matrix-particle interface are important 
(Maier, 1985). Superionic conductors such as a-AgI, however, show 
decrease in ionic conductivity due to dispersion of insulating 
particles such as Al 202 > ^^^2’ Liquan, 1986). 

Even though the studies on composite solid electrolytes are 
numerous and vigorous, the alkali halide based composites, with 
the exception of lithium salts, have not been investigated. In 
this work alkali chlorides (MCI; M=Na, K, Rb) have been chosen as 
host matrix as they (i) do not exhibit any solid-solid 
transformation, (ii) are well understood with regard to their 
defect and conduction mechanisms and, (iii) are not very 
hygroscopic. Thus the effect of AI 2 O 3 dispersion can be studied 
over a wide temperature range which should be helpful in 
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identifying the mechanism of enhanced conductivity in the 
composites. 

The MCl-Al^O^ (M = Na, K and Rb) composites of various 
compositions have been prepared by the conventional method as 
described in Chapter 3 (Section 3.2.1). The samples of best 
conducting compositions for all the three systems have also been 
prepared by the solution casting method as described in the 
Section 3.2.2. Most of the composite samples have been 
investigated by SEM for microstructural analysis and by DTA and 
XRD for phase characterization studies and to examine the solid 
solubility of Al^O^ in the matrix phase. Even though the particle 
sizes of three different Al^O^ samples used in this work are 
quoted by the manufacturer to be 0.05, 0.3 and 1.0 pm, preliminary 
investigations using SEM and Coulter counter revealed that the 
average sizes of the particles were larger than those quoted by 
the suppliers, which is expected due to the agglomeration before 
and during processing. 

The conductivity for all the samples at each temperature was 
obtained from the complex impedance analysis. The high frequency 
semicircular portion of the impedance spectra could be expressed 
as a constant phase element in parallel with the bulk resistance. 
The resistance obtained from the high-frequency semicircular 
portion has been used to calculate the conductivity of various 


composites. 
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The detailed results on NaCl-Al^O^ system are presented 
first, followed by those on KCl-Al 0 and RbCl-Al 0 systems. 

5.1 NaCl -AI 2 O 3 System : 

5.1.1 X-ray Diffraction ; 

Fig. 5.1 shows the X-ray diffractograms of NaCl-40 m/o Al^O^ 
composition before (curve a) and after (curve b) heating the 
mixture at 750°C. The XRD peaks for both the samples are almost 
identical and could be ascribed either to NaCl or Al^O^ phase. 
These results show no evidence of any chemical reaction or solid 
solution formation between the constituents. However, since XRD 
patterns were taken at room temperature and it is possible that a 
new phase/solid solution may form at higher temperatures, the 
samples were further examined by differential thermal analysis. 


5.1.2 Differential Thermal Analysis : 

The DTA traces of NaCl-40 m/o Al^O^ samples before and 
after heating the mixture at 750°C are shown in Fig. 5.2 (a and b). 
The endothermic peaks in both the curves correspond to the melting 
of NaCl. The absence of any other peak thus rules out the 
possibility of any chemical reaction or thermal decomposition of 
any of the constituents. Further, since there is no observable 
shift in the peak corresponding to the melting of the NaCl in the 
heat-treated sample (curve b), it is concluded that AI 2 O 3 does not 


dissolve in NaCl either. 




o 

CO 


1 
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5.1.3 Scanning electron microscopy ; 

The scanning electron micrographs of well polished samples 
of polycrystalline NaCl and NaCl-30 m/o Al^O^ sintered at 750°C 
are shown In Fig. 5.3. In case of pure NaCl (Fig. 5. 3a), It is 
observed that the grains are uniformly distributed whereas In case 
of NaCl-30 m/o Al^O^ (Fig. 5. 3b) the NaCl and Al^O^ grains are 
uniformly dispersed in the NaCl matrix. 

5.1.4 Conductivity Versus Composition: 

Fig. 5.4 shows the variation of electrical conductivity as 
a function of concentration (m/o) of Al^O^ in NaCl at three 
different temperatures, viz., 300, 400 and 500°C. Fig. 5. 5 shows 
the conductivity versus composition plots at 500°C for three 
different particle sizes of Al^O^, viz., 0.05, 0.3, 1.0 pm. The 
conductivity increases sharply as the concentration of Al^O^ 
increases, attains a maximum value at 30-35 m/o Al^O^ and starts 
decreasing subsequently. Table 5.1 compares the normalized 
conductivity (the ratio of the conductivity of the composite to 
that of pure salt, o'/cr^) of various NaCl-Al^O^ composites at 300, 
400 and 500°C. The data show that a maximum enhancement in 
conductivity by over two orders of magnitude is obtained for 
NaCl-30 m/o AI 2 O 3 composite system and that the enhancement in 
conductivity is more pronounced at lower temperatures for a given 
composite. These features are in general similar to those reported 
in the literature on other composite systems. 
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Fig.5,4 log ((T) vs composition (m/oAl 203 ) for NaCI-Al 203 composites 
at -three different temperatures. 
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Table 5.1 

Normalized conductivity ( 0 -/ 0 -^) for NaCl-Al^O^ composites of 
v3,rioiis compositions at throe different temperatures 


composition 
(m/o Al^O^) 


cr/cT 

o 


300°C 

400°C 

500°C 

0 

1.0 

1 

1 

10 

4.0 

3 

2 

20 

40 

25 

16 

30 

2.2x10^ 

1.2x10^ 

72 

40 

1.2x10^ 

77 

52 

50 

- 


4.0xl0~^ 


Table 5.2 compares the normalized conductivity of NaCl-SO m/o 
Al^O^ samples prepared by (i) conventional and (ii) solution 
casting methods. It is observed that the enhancement in the 
conductivity for a given composite is generally more for the 
sample prepared by the solution casting rather than the 
conventional method. This may be due to the combined effects of 
more uniform distribution of ^^2^3 P^r'ticles as well as 
chemisorbed water molecules on their surfaces. Thus these results 
reinforce the existing view (Pack, 1979; Shahi and Wagner, 1981) 
that the wet A1 0 is more effective than the dry Al^O^ and that 
the matrix-particle interface plays a dominant role in the 


conductivity enhancement. 
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Table 5.2 

Normalized conductivity (cr/cr^) for NaCl-30 m/o Al^O^ composites 
prepared by the conventional and solution casting methods at three 


different temperatures 




(T/cr 

0 


type 

300°C 

400°C 

500°C 

conventional 

solution casting 

2 . 2 x 10 ^ 

2.5x10^ 

1 . 2 x 10 ^ 

7.0x10^ 

72 

3.2x10^ 


It is conceivable to attribute the enhanced conductivity to 
the excess sodium vacancies generated by the dissolution of Al^O^ 
in sodium chloride lattice as follows : 

“ "“Na * V * ”C1 

where the Kroger-Vink notation has been used. Thus one molecule of 
dissolved AI 2 O 3 produces one excess sodium ion vacancy. If this 
were the mechanism of conductivity enhancement, a simple 
calculation, using the known mobility value of Na ion vacancy at 
300°C (Etzel and Maurer, 1950), would suggest that only a fraction 
of a mole percent of the dopant (AI 2 O 3 ) would be required to 
achieve the observed conductivity of ~ 10 ^ ohm ^cm ^ at 300 C. On 
the other hand, the experiments show that there is very little 
enhancement in the conductivity due to addition of as large as 10 
m/o AI 2 O 3 and that the maximum enhancement in conductivity occurs 
at 35 m/o AI 2 O 3 . This clearly suggests that the classical 
doping mechanism cannot explain the conductivity enhancement in 
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NaCl-Al^O^ composite system. It is also conceivable that 
dispersion of Al^O^ increases the dislocation density in the host 
matrix and the excess space charge at the dislocations may 
contribute to the excess conductivity. However, the dependence of 
conductivity on the processing and particle size indicates that 
the mechanism responsible for conductivity enhancement must 
involve the matrix-particle interface. 

The existence of space charge region near lattice 
discontinuities (free surface, dislocations and grain boundaries) 
in an ionic solid was first proposed by Frenkel (1946) and the 
space charge distribution profiles have been formulated by 
several researchers (Lehovec, 1953; Kliewer and Koehler, 1965; 
Eshelby et.al.,1958; Yan et.al. , 1977) . The origin of space charge 
is ascribed to the difference in the free energy of formation of 
the individual vacancies in case of Schottky disorder and of the 
vacancies and the interstitials in case of Frenkel disorder. If 
there is a chemically inert second phase instead of vacuum, which 
means there is no solubility or a global chemical reaction with 
the crystal, then the space charge profile can be obtained in a 
similar way as for a crystal in contact with vacuum. Jow and 
wagner (1979) were the first to use these concepts and proposed 
that fine dispersoids form well defined space charge regions in 
contact with the host matrix. The space charge profiles for two 
phase composites have been formulated by Maier (1985, 
Accotdlng to this author. the dlspersoid acts as a nucleophilic 
surface which attracts positively charged species leaving a space 
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charge region of cation vacancies in the host crystal at the 

interface. An increase in the defect concentration in the space 
charge region gives rise to the excess conductivity in the 

composite systems. 

In pure NaCl crystal at the free surface the formation energy 

of Na^ ion vacancy is lower than that of Cl ion vacancy (Kliewer 

and Koehler , 1965) . As a consequence just beneath the surface there 

are more cation vacancies than the anion vacancies resulting in a 

negative space charge region. If there is a second insoluble 

(A1 0 ) phase instead of vacuum, one would expect the increased 
2 3 

rate of cation disorder reaction. Consequently sodium ions will be 
enriched at the interface and the concentration of sodium ion 
vacancies increased in the host crystal which will give rise to 
the excess conductivity in NaCl-Al 202 composite systems. 

Maier’s theory has been discussed in Chapter 2 (Section 
2.3.2). Accordingly, the total conductivity of a composite, 
assuming the conductivity of the dispersoid to be neligible, is 
given by the expression : 

<r = (3^2) ^V^'a^ V(ee^RT/V™) (5.2) 

where the first term corresponds to the conductivity of the matrix 
phase and the second term corresponds to the space charge layer 
contribution. is the volume fraction of the dispersoid, v"' the 

bulk molar volume of MX, cc^ the absolute dielectric constant of 
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the matrix phase, p the mobility of the defect, N the mole 

V VO 

fraction of defects at the interface and (3^^ a constant to account 
for the topology of the disperse ids. Table 5.3 compares the 
observed conductivity values with those calculated from the above 
equation for NaCl-Al^O^ composites at 300^C. The following values 
of various parameters have been taken; = 0.5, r^=0.05 pm, 

3 

e(NaCl) ^6, “ 27 cm /mole, 1 and the mobility of the 

sodium ion vacancies (Etzel and Maurer, 1950) : 

^ exp(~9860/T) cm^ V ^s ^ (5.3) 

Na T 


Table 5.3 

Observed and calculated conductivities ^for various NaCl-Al^O^ 

composites at 300 C 


composition (Al^O^) 
(m/o) (v/o) 

(T , (ohm-cm) ^ 

obs. 

(T , (ohm-cm) ^ 
cal. 

0 

0 

3.1xl0"^ 

3. Ixio"^ 

10 

10 

1.6xl0”^ 

5.0x10 ^ 

20 

19 

l.lxio"^ 

9.3xl0"^ 

30 

29 

6.3xl0'^ 

1.4xl0~^ 

40 

39 

3.3xl0”^ 

1.9xl0"^ 


It may be noted from Table 5.3 that the calculated and 
observed conductivity values agree within a factor of two for all 
the compositions except for the 30 m/o AI 2 O 3 composite which 
happens to be the composition at which the conductivity is 
maximum. Despite this minor discrepancy, our results on NaCl-Al 203 
composites do provide support to the Haler’ s microscopic theory of 
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enhanced conductivity in the composite solid electrolytes. 

The conductivity-composition results on NaCl-Al^O^ system 
(Figs. 5. 4 and 5.5) can also be discussed in view of the random 
resistor network (RRN) model (Bunde et.al.,1985, Roman and 
Yussouff,1987) which presumes the existence of a highly conducting 
layer between a normally conducting matrix and a non-conducting 
dispersoid. This model, in particular, predicts the existence of 
two critical concentrations, viz., p' and p" , of the dispersed 
phase. At the lower critical concentration the high conducting 
layers begin to form connected pathways, while at the higher 
critical concentration the connected pathways get disrupted 
and hence conductivity begins to drop sharply. Even though it is 
difficult to identify the lower critical concentration p^, the 
existence of the higher critical concentration p^' , where 
conductivity drops sharply is evident in Figs. 5. 4 and 5.5, and 
thus our results appear to be consistent with the macroscopic RRN 
model . 

5.1.5 Conductivity Versus Particle Size : 

Almost all the models (Jow and Wagner, 1979; Maier, 
1985,1986; Bunde et.al., 1985) discuss the dependence of 
conductivity enhancement on the particle size of dispersoid and 
predict an inverse relation, viz. , a higher cr enhancement by 
smaller particles, as observed in most composite solid 
electrolytes. Nevertheless, for a quantitative comparison of the 
observed data with the theory, the conductivity expression 
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(Eq.5.1) given by Maier(1985) can be written as ; 


where cr^ is the bulk conductivity of the matrix phase, and at a 
fixed temperature T and concentration (p^ of the dispersoid, K is a 
constant which from Eqs. (5.1) and (5.3) is given by : 

K = (31/2/0- ) 13, <p, v/(ee RT/V™) p i/N (5.5) 

o L A o V VO 

Thus a plot of normalized conductivity, a'(composite)/(r^(host) , 

_i 

versus inverse particle size (r^ ) should be a straight line whose 
slope equals the constant K (Eq.5.5). 

Table 5.4 lists the normalized conductivity (cr/o-^) for 

NaCl-30 m/o A1„0„ composites for three different particle sizes of 

A1 0 at 300, 400 and 500°C. Fig. 5. 6 shows the plot of normalized 
2< 3 

conductivity versus inverse particle size at the three 
temperatures. Even though the graphs are reasonably good straight 
lines, it need to be stressed that there are, unfortunately, only 
three data points corresponding to the three different particle 
sizes of A1 0 which are available. Nevertheless, the conclusions 
drawn from these results may be fairly reliable, especially in 
view of the fact that the third data corresponding to 0.05 pm 
(r"^=20xl0^ cm'b size of the AI2O3 particle is so far apart from 
the rest and yet falls on the line Joining the other two data 
points (with r-‘= 3.33.10’ and l.io’ =.'*). Moreover, the fact 



1 / 1 ^ (cm"^) 

Fig,5.6 Normalized conductivity (CT/Cro) vs inverse of particle 
size of AI2O3 for NaCI - 30 m/o AI2O3 at three different 
temperatures. 
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that the slope of the linear plot decreases as temperature 
increases is very much in accordance with the model, which 
predicts that the slope K should decrease as temperature increases 
because, according to Eq.5.5, at a fixed concentration (p of the 
dispersoid, 

^ “ ~n^(T) ^5.6) 

where n^(T) is a strong (exponential) function of temperature and 
increases rapidly with temperature resulting in the decrease of K. 

Table 5.4 

Normalized conductivity (cr/o-^) for NaCl-30 m/o Al^O^ composites 
for three different particle sizes of Al^O^ at three different 

temperatures 


particle size* 
of AI 2 O 3 
( r^ , pm ) 

inverse 


cr/cr 

0 


part. size 

r"^ ( 10 ^cm"b 

A 

(300°C) 

(400°C) 

(500°C) 

0.05 

20 

220 

114 

72 

0.3 

3.3 

55 

25 

14 

1.0 

1.0 

32 

13 

7 


As quoted by the manufacturers (Buehler Micropolish II, USA). 


The observed and calculated values of the slope (Fig. 5. 6 and 
Eq.5.5 respectively) are compared in Table 5.5. It should be 
pointed out that there is a reasonable agreement between the 
calculated and the observed values, which once again lends a 
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strong support to the Maier’s theory of heterogeneous doping. It 
may, however, be noted that the agreement between the calculated 
and observed values of K is better at higher temperatures. 

Table 5.5 

Comparison of observed and calculated values of the slope of 

normalized conductivity (cr/cr ) vs inverse particle size (r"^) in 

o A 


NaCl-30 m/o composites 


Temperature (^C) 

K . (cm ) 
obs. 

K .(cm) 
cal. 

300 

9.9x10"'^ 

2.2x10"'^ 

400 

cn 

X 

o 

1 

2.3xl0~^ 

500 

3.5x10"'^ 

2.3x10"'^ 


The RRN model also qualitatively explains the dependence of 
conductivity on the particle size of Al^O^. Fig. 5.5 shows the 
variation of conductivity as a function of composition (m/o Al^O^) 
at SOO'^C for three different particle sizes of Al^O^, viz., 0.05, 
0.3 and 1.0 pm). The finer particles have higher specific surface 
area for a given concentration (m/o) of Al^O^, and thus the 
optimum interface required for maximum conductivity is attained at 
a lower concentration of the dispersoid. The results of Fig. 5.5 
show that the conductivity peak shifts to the right (i.e. towards 
higher concentration of Al^O^) as particle size increases (i.e. 
specific surface area decreases) and are thus consistent with the 


RRN model. 
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5.1.6 Conductivity Vs Temperature : 

•nie log(^) versus lO^/T behavior for various NaCl-Al^Oj 
composites Is shown In Fig. 5,7. The transport parameters, vl!.^ 
the preexponentlal factor and the activation energy (EJ, are 

given in Table 5.6. It Is evident from these results that the 
effect of dispersion is to enhance the conductivity. These results 

are consistent with those reported earlier for various composite 
systems. 


Table 5.6 

Ionic transport parameters, the activation energy (E J and the 
preexponential factor for various NaCl-Al^O^ composites 


composition (Al^O^) 
(m/o) (v/o) 

temperature 
range {°C) 

E 

a 

(eV) 

(ohm-cm) ^ 

0 

0 

300-600 

0.82 

4.8x10"^ 

10 

10 

300-600 

0.72 

2.6x10“^ 

20 

19 

300-600 

0.68 

1.1 

30 

29 

300-600 

0.62 

1.7 

40 

39 

300-600 

0.69 

3.9 

50 

49 

450-600 

1.53 

9.3x10^ 


The activation energy obtained for various NaCl-Al^O^ composites 
0.71±0.04 ev) is comparable to the enthalpy of migration for 
Na^ ion vacancies reported for pure NaCl (0.8 eV; Dreyfus and 
Nowick, 1962). This is in accordance with the space charge theory 
that the excess sodium ion vacancies are induced in the matrix at 


the interface. 



log O' ( 




log O' (ohm 


-2 


-3 



10^/T (K"’) 

Fig. 5.8 log (a) vs 10^/ T for NaCI-30m/o AI2O3 samples prepared 
by conventional and solution casting methods. 
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Fig. 5.8 compares the log(<r) versus 10^/T plots for NaCl-30 
m/o AI 2 O 3 prepared by the (i) conventional and (ii) solution 
casting methods. The samples prepared by the latter method show 
about an order of magnitude higher enhancement in the conductivity 
as compared to those prepared by conventional method. This result 
further indicates that the enhancement in conductivity could be 
due to chemisorbed water molecules on the Al^O^ surface. This 
result is consistent with the space charge theory. The presence of 
chemical species such as water at the interface may increase the 
cation disorder reaction giving rise to higher concentration of 
sodium ion vacancies than in case of dry Al^O^ particles. 

5.2 KCl-Al^O^ System 

5.2.1 X-ray Diffraction : 

XRD patterns of KCl-40 m/o Al^O^ samples before and after 
heat treatment at 650°C revealed that the samples were biphasic 
and no additional peak was observed which could be attributed to a 
new phase. As shown in Fig. 5.9 no difference is discernible 
between the XRD patterns of the pre-heated (Fig. 5. 9a) and the 
post-heated (Fig. 5. 9b) mixtures of KCl-40 m/o ^^ 2*^3 samples 
indicating that the heat treatment merely affected the 
densif ication of the mixtures. 

5.2.2 Differential Thermal Analysis : 

DTA curves (Fig. 5. 10) for the same samples also show no 
evidence of any chemical reaction between KCl and Al^O^. There is 
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no apparent shift in the endothermic peak position (curve b) due 
to the heat treatment, which suggests that there is no solubility 

system forms a two-phase 

composite. 

5. 2. 3 Scanning Electron Microscopy ; 

SEM micrographs of polished samples of polycrystalline KCl 
and KCl-30 m/o Al^O^ composite sintered at 650°C are shown in 
Fig. 5. 11. Fig. 5. 11a shows that the grains of pure KCl are 
uniformly distributed. In case of KCl-30 m/o Al^O^ sample, the 
grains are Interspersed with the Al^O^ particles as shown in Fig. 
5.11b. The micrographs suggest that KCl-Al^O^ system is a 
two-'phase mixture. 

5.2.4 Conductivity vs Composition : 

Fig. 5.12 shows the variation of the conductivity as a 
function of concentration (m/o) of in KCl at SOO^C for three 

different sizes of Al^O^ particles (0.05, 0.3, and 1.0 jim). Table 
5.7 compares the normalized conductivity of various KCl-Al^O^ 
composites at three different temperatures, viz. , 300, 400 and 

500^C. It is observed that as the concentration of Al^O^ 
increases, the conductivity initially increases slowly, then 
rather rapidly before it peaks at 45 m/o Al^O^. Moreover, as the 
particle size increases* the enhancement in the conductivity 
decreases and the maximum in the conductivity occurs at a slightly 
higher concentration of Al^O^. A maximum enhancement in the 
conductivity by over an order of magnitude occurs for KC1~45 m/o 




Fig. 5.11 5EM micrographs (a) KCl and,(b) KCI-30m/o 
AI 2 O 3 composite sintered at 650°C. 


log cr (n.“ 


iDD 



f^ig- 5.12 (og (CT) vs composition (m/o AI2O3) for KCI-AI2O3 compo- 
sites at BOO'^C for three different particle size of AI203- 
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A1 0„ composite. 

As in case of NaCl-Al203 and. indeed, other composite 
systems. one may be inclined to ascribe the conductivity 
enhancement in KCI-AI2O3 composites also to the excess defects (K^ 
ion vacancies) generated by the dissolution of Al^O^ (in KCl ) 
according to the following equation : 

AI2O3 « 2A1^'+ V’ * 30’ j (5.7) 

Thus one molecule of dissolved AI2O3 produces one excess cation 
vacancy. If this were the mechanism of conductivity enhancement in 
KCI-AI2O3 composite systems, a simple calculation using the known 
mobility values of ion vacancies (Beaumont and Jacobs. 1966) 

Table 5.7 

Normalized conductivity (cr/cr^) for KCI-AI2O3 composites of 
different compositions at three different temperatures 


composition (AI2O3) 

(m/o (v/o) (300°C) (400°C) (500 C) 


0 

0 

1 

1 

1 

10 

7 

2.3 

2.1 

1.8 

20 

15 

4.7 

3.5 

2.9 

30 

23 

15 

12 

12 

40 

31 

35 

26 

22 

45 

36 

80 

42 

28 

50 

41 

11 

15 

19 
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would suggest that only a fraction of a mole percent of Al^O^ is 
required to achieve the observed conductivity enhancement. On the 
other hand, the experiments show that there is very little 
enhancement in the conductivity of KCl even by the addition of as 
large as 10 m/o Al^O^ and the maximum enhancement in the 
conductivity occurs at “ 45 m/o Al^O^. This clearly suggests that 
the classical doping mechanism cannot be used to explain the 
conductivity enhancement in KCl-Al^O^ composites. The dispersion 
of Al^O^ also increase the dislocation density in the host 
matrix and the excess space charge at the dislocation may 
contribute to the excess conductivity. However, the dependence of 
conductivity on the processing parameters and the particle size 
indicates that the mechanism responsible for conductivity 
enhancement must involve the matrix-particle interface. The fact 
that KC1-A1.,0„ composites exhibit a maximum conductivity at ~45 
m/o Al^O^ suggests that some sort of high conducting channel forms 
through the conductor around this composition. It could be either 
due to formation of a high conducting phase or a space charge 
layer along the Interface. 

As brought out in Section 5.1 on NaCl-Al 203 system. Maier’ s 
semlquantitatlve theory appears quite relevant to the composite 
solid electrolytes, and hence it would be reasonable to discuss 
the results on KCI-AI 2 O 3 system also in view of the above model. 
Pure KCl. like NaCl, also exhibits Schottky disorder and conducts 
primarily via cation vacancies below 600°C (Dreyfus and Nowick, 
1962; Fuller and Reilly. 1967). The cation and anion vacancies are 



formed according to the reaction : 


0 ^ (5.8) 

Due to the condition of local electroneutrality, the concentration 
of defects (cation and anion vacancies) in the bulk is fixed by 
the Schottky constant. However, as in case of NaCl crystal, in KCl 
also near any inhomogeneity, there are more cation vacancies than 
anion vacancies as the free energy of formation of a cation 
vacancy V* is lower than that of an anion vacancy V‘ ^ (Dreyfus and 
Nowlck, 1962; Yan et.al., 1977). The introduction of dispersoid 
causes the cations to be attracted towards the surface of the 
dispersoid, leaving a depletion zone with a greater concentration 
of cation vacancies. This depletion zone is the high conducting 
space charge layer along the matrix-particle interface. The 
activation energies observed for conduction in various KCl-Al^O^ 
composites are comparable to the migration enthalpies of ion 
vacancies in pure KCl (Dreyfus and Nowick, 1962). This is 
consistent with the theory that the excess cation vacancies are 
Induced in the matrix at the interface. 

Table 5.8 lists the calculated and observed conductivities 
for KCI-AI 2 O 2 composites at 300°C. The values have been calculated 

from Eq.(5.2) by taking 13 ^^ = 0.5, r^=0.05 pm, e(KCl) == 6, v"'=37.6 

3 ■+' 

cm /mol, 1 and the following expression for mobility of K ion 

vacancies (Beaumont and Jacobs, 1966) : 

Jcv 



exp(-8232/T) cm^ V (5.9) 


Table 5.8 

Observed and calculated conductivities for various KCl-Al^O^ 

composites at 300*^C 


compost t i on ( A 1 ) 

(m/o) (v/o) 

cr ^ (ohm-cm) ^ 

obs. 

cr , (ohm-cm) ^ 

0 

0 

2.6xl0“^ 

2.6xl0~^ 

10 

7 

6.3xl0"^ 

5.8xl0~^ 

20 

15 

1.2xl0”^ 

9.3xl0"^ 

30 

23 

4.0x10"^ 

1.3xl0~^ 

40 

31 

9. Ixl0~^ 

1.7xl0~^ 

45 

36 

2. Ixio"^ 

l.Sxlo"^ 


The calculated and the observed values of conductivities are 
in reasonably good agreement especially at lower concentrations of 
Al^Os which implies that the space charge layer mechanism of 
conduction is appropriate for the composites. However, it may be 
pointed out that the theoretical Eq.5.2 consistently 
underestimates the calculated values of conductivity at higher 
concentrations of the dispersoid. Similar discrepancy was also 
observed in case of NaCl-Al^O^ system (Table 5.3). 

The electrical conductivity data on KCl-Al^O^ composite 
system also appear to be consistent with the random resistor 
network model (Roman et.al., 1986) which predicts, as pointed out 
earlier, two critical concentrations, and p^ 


of the 



dispersoid. Below the conductivity of the composite does not 

change much and beyond it drops rapidly because the connected 

pathways get disrupted as they begin to form closed loops at 

higher concentrations of Al^O^. An inspection of Fig. 5. 12 indeed 

reveals that the conductivity (cr) of KCl containing ^^ 2^3 

particles, especially of 1 pm size, remains almost unaffected upto 

a concentration of (p'=) 10 m/o and drops rapidly beyond (p*'=) 50 

c o 

m/o Al^O^. This latter value of 50 m/o for p^* is larger than that 
(~35 m/o) observed in case of NaCl-Al^O^ system (Fig. 5. 4). 

5.2.5 Conductivity Versus Particle Size : 

As discussed in Section 5.1.5, almost all the models 

presume formation of space charge layer and predict faster ion 
transport due to finer particles of dispersed phase. Equally true 
is the fact that almost all investigations on composite solid 

electrolytes are qualitat ively in conformity with the above 

prediction. However, for a direct, quantitative comparison of the 
theory (Eq.5.4), with the experiment, the conductivity data on 
KCl-Al^^O^ system may be plotted in the form of (cr/cr^) vs inverse 
particle size (1/r ) of A1 0 . 

A Zi O 

Table 5.9 lists the normalized conductivity, cr (composite )/cr^ 
(salt), for KCl containing 45 m/o Al^O^ of three different 

particle sizes, viz., 0.05, 0.3, 1.0 pm, at three different 

temperatures. Inverse particle size (1/r^) of Al^O^ is also listed 
in Table 5.9. Even a crude inspection of this data immediately 
discloses the inverse relation between the conductivity and the 




between the 


rioticed, however, that there is a serious discrepancy 
observed and calculated values. The reasons are not immediately 
clear. It may be mentioned that a reasonably good agreement was 
f'ound in case or NaCl-Al^O^ (Section 5.1.1) and RbCl-Al 203 systems 
(to be discussed in Section 5.3.5). The above discrepancy may 

4 * , 

perhaps arise cJue to inaccurate values of mobility of K ion 
vacancies (Eq.5.9) used in the calculation. 


The RRN model also qualitatively explains the dependence of 
conductivity on the particle size of Al^O^. The finer particles 
have higher surface area for a given concentration (m/o) of Al^O^, 
and thus the optimum interface required for maximum conductivity 
is attained at a lower concentration for finer particles. 

The r^sujts in Fig. 5.12 show that the conductivity peak shifts 
towards the higher concentration of Al^O^ as particle r.ly.o 
increases (i.e. surface area decreases). Thus the results an> 
consistent with the random resistor network model which aur.umer. 
the formation of a high-conducting layer at the matr ix/pai t !<' le 
interface and therefore provide support to the Maier’s ;;pa( e 
charge theory. Fig. 5. 12 also shows that at a givtui tfunfiei at ui e and 


composition, the conductivity is lower for a hlgh.-r parth-le nl;-.- 
of Al^O^. The results in Table 5.9 also show that .n; tlu- r.a,ti< 1,. 
size increases the conductivity deerf.-ua-s an<i tlu- onti.ui. .•(mud In 
conductivity is higher at lower temper at u, os . these . dca-r v.d i . ae. 
are in conformity with the results rep-.rted ea.n,., v.nietv 

of systems and are consistent with tlie sp.e e , }, i- 1 ;,. fji.Mtv 
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5*2,5 Conductivity vs Temperature : 

3 

The l'og(cr) vs 10 /T plots for various KC1~A1^0^ composites 

are shown in Fig. 5. 14. It is evident that the effect of dispersion 

of Al^O^ is to increase the conductivity appreciably. The logcr vs 

1/T plots for all the composites are linear as expected. The 

transport parameters, viz. , the preexponential factor ^nd the 

activation energy (E ), are given in Table 5.11 for all the 

a 

KCl-Al^O^ composites studied in this work. 


Table 5.11 

Ionic transport parameters, the activation energy (E ) and the 

a 

preexponential factor for various KCl-Al^O^ composites 


composition 

(m/o) 

'“2°3> 

(v/o) 

temperature 
range (°C) 

E 

a 

(eV) 

cr 

"" -1 
(ohm-cm) 

0 

0 

300-600 

1.03 

3.2x10^ 

10 

7 

300-600 

0.99 

3.4x10^ 

20 

15 

300-600 

0.93 

2.0x10^ 

30 

23 

300-600 

1.09 

2.0x10^ 

40 

31 

300-600 

0.94 

1.8x10^ 

45 

36 

300-600 

0.89 

1.2x10^ 

50 

41 

300-600 

0.99 

2.0x10^ 

60 

51 

450-600 

1.83 

3.1x10^ 


The ionic conductivity values and the transport parameters 
for pure KCl are in agreement with the literature values (Beaumont 
and Jacobs, 1966). While the KCl-Al^O^ composites exhibit 
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appreciably higher conductivity, their activati^j^ energies remain 
almost nearly constant within ±10 %; the average activation 
energy being '-0,97 eV which is very close to that of pure KCl, 
which implies that the dominant conduction mechanism in the 
composites is same as that in pure KCl, , via ion 

vacancies. This reaffirms the earlier ^^^^rtlon that the 

positively charged species (K^ ions) are attr^^.|.g^ towards the 
surface of the dispersoids (Al^O^) particles and thereby excess 
ion vacancies are created in the interface leading to the 

enhanced conductivity. 

3 

Fig. 5. 15 compares the logo' versus 10 /T behavior for KCl-45 
m/o Al^O^ samples prepared by the (D conventional and (ii) 
solution casting methods. It is evident that the samples prepared 
by the solution casting method show about an order of magnitude 
higher conductivity than those prepared by conventional method. 
As pointed out earlier, in the solution casting method, Al^O^ is 
added in the solution containing ionized alkalj^ salts. This may 
lead to better stabilization of cations at the interface 
resulting in higher concentrations of cation vacancies in 
the space charge layer in the vicinity of Al^O^ particles. Thus 
these results suggest that the matrix-particle interface plays a 
dominant role in the conductivity enhancement. Larger 
concentration of defects is introduced in the spgLce charge region 
in the samples prepared by the solution casting method resulting 
in higher enhancement in conductivity. 



KCI -AI 2 O 3 (45m/o) 



Solution casting 


Conventional 


Pure KCI 


10 ^/ T (K"M 

Fig. 5.15 Conductivity vs temperature inverse tor KCI-45m/o AI 2 O 3 

samples prepared by conventional and solution casting methods 
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5.3 RbCl - Systems : 

5-3.1 X-ray Diffraction : 

Fig. 5. 16 shows the room temperature XRD patterns of RbCl~40 
m/o Al^O^ samples before (curve a) and after (curve b) heat 
treatment at 600^C. No additional peak was observed after the heat 
treatment which could be attributed to a new phase. This indicates 
that the heat treatment merely affected the densif ication of the 
mixture and samples remain biphasic mixture of RbCl and Al^O^. 

5.3.2 Differential Thermal Analysis : 

The DTA curves (Fig. 5. 17) for pure RbCl and RbCl~40 m/o 
Al^O^ also show no evidence of any chemical reaction between RbCl 
and Al^O^. The endothermic peak corresponding to the melting point 
of RbCl (curve a) remains unaffected due to the dispersion of 
Al^Os which suggests that there is no solubility of Al^O^ in RbCl 
(curve b) even at the elevated temperatures near the melting 
point. 

5.3.3 Scanning Electron Microscopy : 

SEM micrographs of well polished samples of polycrystalline 
RbCl and RbCl~30 m/o Al^O^ sintered at 600^C are shown in 
Fig. 5. 18. It is observed that the RbCl grains are uniformly 
distributed (Fig. 5. 18a) whereas in case of RbCl-30 m/o Al^O^ the 
grains are interspersed with the Al^O^ particles as shown in 
Fig. 5. 18b which signifies that RbCI-Al^O^ system is a two-phase 
composite. 



RbC 



20 (degrees) 

Fig.5.16 XRD patters for RbCl-AOm/o AI 2 O 3 (a) pre- heated, (b) post-heated at fionV 




0 200 400 600 800 

Temperature, °C 

Fig. 5.17 DTA curves for (a) pure RbCL(b) RbC(-40m/o 
AI 2 O 3 samples. 



m 





crographs -for (a) RbCI ai 
I2O3 composite sintered a 
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5.3.4 Conductivity vs Composition : 

Fig. 5. 19 shows the conductivity versus composition behavior 
for RbCl-Al^O^ composite system at SOO^C for three different 
particle sizes of Al^O^, viz., 0.05, 0.3 and 1.0 pm. Table 5.12 
compares the normalized conductivity, cr(composite)/cr^ (host ) , for 
various RbCl-Al^O^ composites at 300, 400 and 500^C. These results 
show that as the concentration of ^^2^3 increases, the 
conductivity increases before it peaks at ^ AO m/o ^^ 2 ^ 3 ’ 
particle size increases the enhancement in conductivity decreases 
and also the maximum in the conductivity is obtained at lower 
concentrations of Al^O^. Table 5,12 shows that the enhancement in 
conductivity is by over two orders of magnitude for RbCl-40 m/o 
Al^^O^ system, and the enhancement in cr is more pronounced at lower 
temperatures for a given composite. 


Table 5.12 

Normalized conductivity (cr/o'^) for RbCl-Al^O^ composites of 
various compositions at three different temperatures 


composition (Al^,* 
(m/o) (v/o) 


(r/(r 

0 


(300°C) 

(400°C) 

(500°C) 

0 

0 

1 

1 

1 

10 

6 

75 

71 

36 

20 

13 

3.8x10^ 

3.3x10^ 

1.2x10^ 

30 

20 

5.0x10^ 

4.5x10^ 

2.8x10^ 

40 

28 

7.9x10^ 

5.0x10^ 

4.2x10^ 

50 

37 

1.3x10^ 

2.5x10^ 

1.8x10^ 

55 

42 


6.5 

10 



(lJ^=l_U) X) Boi 
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Fjg- 5 J 9 log (O') vs composition (m/o AI2O3) for RbCI-Al203 
composites at 500 °C for three different particle 
sizes of AI2O3 . 


As discussed previously, the classical doping mechanism 
cannot be used to explain the enhancement in the conductivity of 
RbCl-Al2.0^ system also, because the dissolution of Al^O^ in RbCl 
will produce excess of Rb ion vacancies according to the 
following relation : 

«2°3 “ * V * =°C1 1°) 

Thus, as a simple calculation using known mobility values of 
Rb"^ion vacancy in RbCl (Laurent and Benard, 1957} would 
demonstrate, only a fraction of a mole percent of Al^O^ is 
required to achieve the observed conductivity enhancement at 
300^C. On the other hand the experiments show that there is only 
a nominal enhancement in the conductivity of RbCl even with the 
addition of as large as 10 m/o of Al^O^, and that the maximum 
enhancement in conductivity occurs at -40 m/o Al^O^ for 
RbCl-Al^O^. This clearly suggests that the classical doping 
mechanism cannot explain the conductivity enhancement in 
RbCl-Al^O^ composites. The dispersion of Al^O^ may also increase 
the dislocation density in the host matrices and the excess space 
charge at the dislocation may contribute to the excess 
conductivity. However, the dependence of conductivity on the 
processing and particle size indicates that the mechanism 
responsible for conductivity enhancement must involve the 
matrix-particle interface. The activation energies for various 
RbCl-Al^O^ composites are comparable to the Rb^ vacancy migration 
enthalpies reported for pure RbCl (Fuller et.al.l968). This is in 



accordance with the space charge theory that the excess cation 
vacancies are induced in the matrix at the interface. It would 
therefore be only appropriate to discuss the conductivity versus 
composition results on RbCl-Al^O^ also in view of space charge 
theory advanced by Jow and Wagner (1982) and developed by Maier 
(1984, 1985,1986. 1987) . 

The enhanced conductivity of a composite solid electrolyte, 

according to space charge theory (Maier, 1985) is given by 

Eq.(5.2). The tr values for RbCl-Al^O^ have been calculated from 

this equation using, = 0.5, r^=0.05 pm, e 6, v'"=43.2 cm^/mol 

and 1. In the absence of any report on the mobility of charge 

carriers in RbCl at lower temperatures, we have relied on the 

extrapolated values of mobility of Rb^ion vacancies in RbCl. A 
-3 2 

value of D “ 1x10 cm /s (Aral and Mullen, 1966) and E “ 0.33 eV 
o a 

in the extrinsic region obtained in this work (see Section 5.3.6) 
have been used to calculate the diffusion coefficient + and 
hence mobility, from the Nernst-Einstein relation /i=eD/kT, 

of the Rb"^ ion vacancies in RbCl at different temperatures. The 
mobility of Rb ion vacancies so obtained is given below : 

1? ? -1 -1 
= “4^exp(-3826/T) cm V s (5.11) 

'^Rb T 

The calculated values of conductivity are compared with the 
observed values in Table 5.13. There is a fair agreement between 
the two values except for the 10 m/o ^^2^3 which the 

calculated value is nearly four times higher than the observed 



one. Nevertheless, the overall agreement between the calculated 
and observed values suggests that the space charge theory of 
electrical conductivity is appropriate for the composites. 


Table 5.13 

Observed and calculated values of conductivity for various 
RbCl-Al^O^ composites at 300°C 


compos i t ion ( Al^O ^ j 
( m/o ) ( v/o ) 

obs._^ 

(ohm-cm) 

°'cal._^ 

(ohm-cm) 

0 

0 

1.6xl0“^ 

1.6x10“^ 

10 

6 

1.2x10"^ 

5.2x10“^ 

20 

13 

5.3xl0"^ 

1.1x10“^ 

30 

20 

8.0x10"^ 

1.7xl0~^ 

40 

28 

1.3xl0"^ 

2.4xl0”^ 


The macroscopic random resistor network (RRN) model (Roman 
et.al.,1986) also appears reasonable in view of the data on 
RBCl-Al^O^ system. That the conductivity versus composition 
behavior (Fig. 5. 19) exhibits a sharp maximum at ~ 40 m/o Al^O^, 
and the a drops rapidly beyond ~ 45 m/o Al 2*^3 maximum in 

the conductivity curve shifts to higher concentration of Al^O^ for 
larger particle size of are all consistent with the RRN 

model. The only discrepancy that may be noted is the lack of 
evidence for a lower critical concentration (p^ of Al^O^ because 
there is substantial enhancement in the conductivity of RbCl 


containing Just 10 m/o Al^O^- 



5.1.5 Conductivity Versus Particle Size : 

Space charge theory (Jow and Wagner, 1979; Maier 
1985,1986; Bunde et.al., 1985) can be further tested in view of 
the conductivity (cr) versus particle size (r^) of the dispersoid 
(AI 2 O 3 ) data on RbCl-Al^O^ system. The above theory predicts an 
inverse relation between the normalized conductivity. 
(r(composite)/{r^(host). and the particle size (r ) of the 
dispersoid as given by Eq.(5.4), rewritten below for ready 
reference : 

— = T (5.4) 

o A 

where the symbols have their usual meaning (Section 5.1.5). Table 
5.14 lists the particle size, inverse particle size and the 
experimental values of (cr/a-^) for RbCl-40 m/o Al^O^ at three 
different temperatures, viz. , 300, 400, 500°C. Even a glance of 
the data shown in Table 5.14 reveals the inverse relationship 
between the conductivity and the the particle size, as predicted 
by the theory (Eq.5.2). However, for a closer comparison, (.c/cr^) 
is plotted against 1/r^ in Fig. 5. 20. It is observed that all the 
three graphs are fairly good straight lines, and their slope 
decreases as the temperature increases which is consistent with 
the prediction of the model (Eq.5.5). 

Lastly, the observed and the calculated values of the slope 
(Fig. 5. 20 and Eq.5.4 respectively) are compared in Table 5.15. It 
should be pointed out that the agreement between the calculated 
and the observed values is surprisingly good, which once again 
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1/rA(cm-’) 


Fig. 5.20 Normalized conductivity (O'/do) vs inverse particle 
size of AI2O3 for RbCl-40m/o AI2O3 composite at 
three different temperatures. 
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lends a strong support to the Maier’ s theory of heterogeneous 
doping. 


Table 5.14 

Normalized conductivity (cr/cr^) for RbCl-40 m/o Al^O^ composites 
for three different particle sizes of Al^O^ at three different 

temperatures 


particle size* 
of Al 203 .r^ 
(r^.nm) 

inverse 


cr/cr 

0 


part . size 

-1 4 -1 

r/(10 cm 

A 

(300°C) 

(400°C) 

(500°C} 

0.05 

20 

7.9x10^ 

5.0x10^ 

4.2x10^ 

0.3 

3.3 

1.9x10^ 

1.6x10^ 

1.3x10^ 

1.0 

1.0 

1.0x10^ 

84 

53 


As quoted by the manufacturers (Buehler Micropolish II, USA). 


Table 5.15 

Comparison of observed and calculated values of the slope of the 
normalized conductivity (cr/cr^) vs inverse particle size 

RbCl-40 m/o Al^O^ 


Temperature (^C) K , (cm ) K , (cm) 

obs. cal. 


300 

3.7xl0"^ 

7.4xl0“^ 

400 

2.4xl0"^ 

6.3xl0"^ 

500 

1.9xl0"^ 

1.6xl0"^ 


The RRN model is also consistent with the results on 
RbCl-Al^O^ (Fig. 5. 19) which show that the conductivity peak shifts 
to the right (i.e. towards higher concentration of Al^O^) as 
particle size increases (i.e. specific surface area decreases). 



180 


The finer particles have higher specific surface area for a given 
concentration (m/o) of Al^O^, and thus the optimum interface 
required for maximum conductivity is attained at a lower 
concentration of the dlspersoid. 

5,3.6 Conductivity versus Temperature ; 

3 

The log cr vs 10 /T plots for various RbCl-Al^O^ composite 

systems are shown in Fig. 5. 21. The plots in general consist of two 

linear segments; a low temperature segment called extrinsic region 

and a high temperature segment known as intrinsic region. The 

latter is associated with a higher activation energy. As the 

concentration of in RbCl increases, the conductivity 

increases as expected. Moreover, the extrinsic-intrinsic 

transition (or knee) temperature also increases. The transport 

parameters, the preexponential factor (cr ) and the activation 

o 

energy (E ) for all the composites are listed in Table 5.16. The 

o. 

cr^ and values for pure RbCl found in this work are comparable 
to those reported in the literature C Pierce, 1961; Aral and 
Mullen, 1966; Fuller and Reilly, 1967). As the concentration of 
Al^O^ in the RbCl-Al^O^ composite increases, the activation energy 
in the low temperature (extrinsic) region is not seriously 
affected; 0.35 eV in the composites is comparable to that in 

the pure RbCl (^^ 0.33 eV; Pierce, 1961), which suggests that the 
dominant conduction mechanism in RbCl and RbCl-Al^O^ composites is 
same, viz., via Rb”^ ion vacancies. Thus the results reinforce the 
space charge mechanism which postulates that the positively 
charged species (Rb^ion) are attracted towards the ^1^,0^ surface 



1^51 



Fig,5.21 Conductivity vs temperature inverse tor varioL 
RbCl-AUO^ comDOsites, 
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and thereby create excess of Rb^ ion vacancies in the intefacial 
region leading to higher conductivity. 

3 

Fig. 5. 22 compares the log cr versus 10 /T plots for RbCl--40 
m/o ^^2^3 samples prepared by the (i) conventional and (ii) 


Table 5.16 


Ionic 

transport 

parameters, the 

activation energy 

(E ) and the 
a 

preexponential 

factor (cr ) , for 
o 

various RbCl-Al^O^ 

composites 

composition (Al^ 

(m/o) (v/o) 

,0^^ temperature 
range (°C) 

£ 

a 

(eV) 

(ohm cm) ^ 

0 

0 

500-600 

0.39 

2. Ixio"^ 



600- - 

- 

- 

10 

6 

200-550 

0.40 

CO 

1 

o 

X 



550-600 

1.87 

4.0x10^ 

20 

13 

200-500 

0.38 

1.4xl0“^ 



550-600 

1.90 

8.2x10”^ 

30 

20 

200-450 

0.33 

1.3xl0”^ 



500-600 

1.69 

9.2x10^ 

40 

28 

200-450 

0.31 

3.3xl0“^ 



500-600 

1.80 

7. 1x10^ 

50 

37 

250-600 

0.62 

6. Ixio”^ 

55 

42 

400-600 

0.98 

7.2 

60 

47 

500-600 

1.20 

2.2 


solution casting methods. The samples prepared by the latter 
technique show about an order of magnitude higher conductivity 
than those prepared by the former method. These results which are 
similar to those observed in MX~Al2.02 (M=Na, K) , underline once 



log O' (11 ^cm"^) 
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Fig. 5.22 log(Cr) vs 10^/T -for RbCl-AOm/o AI 2 O 3 composites 
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again the critical role played by the interfaces. The preparation 
of samples by the solution casting method results into a better 
dispersion of particles and perhaps, more importantly, more 
efficient stabilization of cations at the interface resulting in 
higher concentrations of cation vacancies in the space charge 
layer, and hence a higher conductivity. 

5.4 Summary and Conclusions : 

1. The XRD, DTA and SEM studies confirm that the MCl-Al^O^ (M=Na, 
K, Rb) form two-phase composite solid electrolyte systems. 

2. The following observed facts that ; 

(1) The dispersion of as-received Al^O^ in the salts MCI (M=Na, K 
and Rb) leads to 2 to 3 orders of magnitude enhancement in the 
conductivity. 

(ii) The samples prepared by the solution casting method exhibit 
higher conductivity values than those prepared by the conventional 
method, and 

(iii) The enhancement in cr is larger due to finer Al^O^ particles, 
and that the conductivity maximum shifts to higher concentrations 
of AI 2 O 2 as the particle size decreases. 

All underline the critical role played by the interfaces. 
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3. The good agreement between the observed and the calculated 
values of conductivity, and the observed linear dependence of the 
normalized conductivity (cr/cr^) versus inverse particle size (1/r^) 
plots and a fair agreement between the experimental and calculated 
values of their slope (K), strongly support the Maier’s space 
charge theory of conduction in the composite solid electrolytes. 

4. The results on all the three systems are, by and large, 
consistent with the random resistor network (RRN) model. 

5. Lastly, the NaCl~30 m/o Al^O^ composite prepared by solution 

"“4 ■” 1 o 

casting method which exhibits a cr ~ 10 (ohm-cm) (at 300 C) 
that is comparable to to that of Na-p-Al^O^, may be further 
developed and considered for Na/S battery. 



CHAPTER 6 


CsCl » Al^O^ SYSTEM 

It is widely accepted that in heterogeneously doped two phase 
mixtures, the increase in the conductivity occurs due to increased 
concentration of defects in the matrix-phase adjoining the 
dispersoid (space charge layer) due to internal adsorption (Jow 
and Wagner, 1979; Wagner, 1980; Bunde et.al.,1985; Wang and 
Dudney, 1986; Maier, 1984,1985,1986). However, the direct evidence 
of the existence of the space charge layer is still a subject of 
intensive investigation. 

This chapter reports the conduction characteristics of 
CsCl-Al^O^ composites. CsCl has been chosen not only because it is 
a member of the alkali metal chloride family which has been 
investigated in this work but also it is the only member which 
undergoes a structural phase transformation and its both B1 (NaCl 
structure) and B2 (CsCl structure) phases are normal ionic 
conductors (Wood et.al., 1958). Thus the effect of A1 0 

dispersion on the Bl< — »B2 structural phase transition can also be 
studied besides the composite solid electrolyte effect. 

CsCl-Al^O^ composites of various compositions have been 
prepared by conventional as well as solution casting methods as 
described in section 3.2. The samples are sintered at 450°C for ~ 
24 h. Most of the samples are investigated by DTA, XRD and SEM 
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techniques for phase analysis and microstructural 
characterization. 

The dc electrical conductivity of the samples at different 
temperatures is obtained from the complex impedance analysis. The 
complex Impedance spectra for various samples were consistent with 
that of a constant phase element in parallel with a resistance. 
The diameter of the high frequency semicircular plot yields the dc 
resistance of the samples which is used to calculate the 
conductivity of the samples. 

6.1 X - ray Diffraction : 

Fig. 6.1 shows the XRD patterns at room temperature of 
CsCl-40 m/o Al^O^ samples without heat treatment (curve a), after 
sintering at 400°C (curve b) and at 600°C (curve c). That there 
are no new peaks and no shift in the XRD peaks due to the heat 
treatment, leads to the conclusion that no new phase is formed as 

a result of chemical reaction or solid solution formation between 
Al^O^ and CsCl. 

6.2 Differential Thermal Analysis : 

Fig. 6. 2 shows the DTA curves for pure CsCl and CsCl-Al 0 
composites of three different compositions, viz. , 5, 30 and 50 m/o 
^^ 2 ^ 3 * There are two thermal events in each case corresponding to 
the BU — >B2 phase transition and the melting transition of CsCl. 

The absence of any new peak, and the fact that there is no shift 
in the positions of the two peaks suggest that neither there is a 
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Fig. 6.2 DTA curves tor various Cs Cl- AI 2 O 3 composites. 
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chemical reaction nor solid solution formation between CsCl and 
Thus Al^O^ exists as a separate phase in CsCl, and does not 
affect the structural (Bl< — >B2) and the melting transition 

temperatures of CsCl, 

6.3 Scanning Electron Microscopy : 

The scanning electron micrographs for pure CsCl and CsCl - 40 
m/o ^^2^3 composite sintered at 450^C are shown in Fig. 6. 3. In 
case of pure CsCl (Fig. 6. 3a) the grains are uniformly distributed, 
whereas in case of CsCl-“40 m/o Al^O^ the two phase microstructure 
of CsCl grains interspersed with Al^O^ particles is observed 
(Fig. 6. 3b). 

6.4 Conductivity vs Composition : 

Fig. 6.4 shows the variation of conductivity as a function of 
concentration (m/o) of Al^O^ at three different temperatures, 
viz., 300, 400 and SOO^C. Table 6.1 lists the normalized 

conductivity (cr/cr^) of various CsCl-Al^O^ composites at 300, 400 
and SOO^C. The results show that the maximum enhancement in the 
conductivity occurs around 40 m/o Al^O^. These results are in 
general similar to those reported earlier in this work and indeed 
for a variety of systems elsewhere. However, unlike the general 
trend, a higher enhancement in the conductivity is observed at 
higher temperatures (Table 6.1) in this system. This is due to the 
fact that the high temperature B1 phase (stable above -^470^0 is a 
normally conducting phase with a lower conductivity and a higher 

Thus the relative enhancement in the 


activation ene rgy . 



(b) 


crographs for (q) CsCl and, 
I2O3 composite sintered at 5( 
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conductivity is higher at higher temperatures. 


Table 6.1 

Normalized conductivity icr/cr^] for CsCl-Al^O^ composites of 
various compositions at three different temperatures 


composition (Al-0^) 


cr/cr 

o 



m/o 

v/o 

300°C 


400°C 

500°C 

0 

0 

1 


1 

1 

5 

3 

1.3 


1.5 

9.5 

10 

6 

2.4 


3.0 

18 

20 

13 

3.4 


4.5 

36 

30 

21 

5.0 


6.0 

40 

40 

29 

9.0 


17 

2.0x10^ 

50 

38 

2.0 


3.0 

24 


CsCl is also a 

Schottky disordered 

material 

but, unlike in 

NaCl, 

KCl and RbCl, 

in CsCl the 

anion vacancies 

are more mobile 

than 

the cation vacancies and a structural 

. phase transition occurs 

around ~470°C (Wood 

et.al. ,1958; 

Hood less and 

Morrison, 1962; 


Arends and Nijboer, 1967). However, the mobilities of Cs^ and Cl 
ion vacancies are comparable (Laurent and Benard, 1957; Harvey and 
Hoodless, 1967). As in case of other systems (Chapter 5) here also 
the classical doping mechanism cannot explain the observed 
enhancement in the conductivity because one molecule of dissolved 
Al^O^ in CsCl will provide one cesium ion vacancy 
the following reaction, 






( 6 . 1 ) 
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and thus, as a simple calculation using known mobility values of 
Cs"** ion vacancies at 300^C would suggest, only a fraction of a 
mole percent of Al^O^ would suffice to obtain the observed 
enhancement in the conductivity- However, very little enhancement 
in the conductivity is observed due to addition of as high as 5 
m/o ^^2^3 maximum enhancement in any case is less than an 

order of magnitude at ‘40 m/o Al^O^. This clearly suggests that 
the classical doping mechanism cannot explain the conductivity 
enhancement in CsCl-Al^O^ composites. 

As in case of Pbl^-Al^O^ and MCl-Al^^O^ (M = Na, K, Rb) 

(Chapters 4 and 5, the observed enhancement in the conductivity of 

CsCl-Al^O^ system may also be discussed in terms of space charge 

layer formation at the interface due to stabilization of 

positively charged species Cs ions at the Al^O^ surface, thereby 

creating excess Cs"^ ion vacancies at the interface. Thus as the 

concentration of cation vacancies (V„ +) increases, that of anion 

Cs 

vacancies must simultaneously decrease in order to keep the 

product of two concentrations constant at a given 

temperature. Though the mobility of Cs^ ion vacancies is less than 
that of Cl ion vacancies, the increased concentration of Cs ion 
vacancies in the space charge region results in a net enhancement 
in the conductivity of CsCl-Al^O^ composites. 

The calculated value of conductivity on the basis of the 
space charge theory (Eq.2.45) is quite sensitive to the value of 
mobility data. For instance, if we use the mobility values of 
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+ 

Cs ion vacancies obtained from the tracer diffusion data of 
Laurent and Benard (1957), viz., D=10 ^expC-O. 7/kT) , one obtains a 
conductivity of 10 ^ to 10 ohm ^cm ^ at 400^C for the space 
charge region, which is 3 to 4 orders of magnitude smaller than 
the conductivity of bulk (CsCl) phase at the same temperature. 
Thus, if this is the case than there should be no enhancement in 
the conductivity of CsCl-Al^O^ composites, which contradicts the 
observation (Fig. 6. 5). This implies that either the above 
diffusion data are unreliable or the space charge theory is 
inadequate for this system. 

6.5 Conductivity vs Temperature : 

The conductivity versus inverse temperature behavior for 

various CsCl-Al^O^ composites is shown in Fig. 6. 5. The transport 

parameters, viz., the preexponential factor (cr^) and the activation 

energy (E ) for pure CsCl are compared with the literature values 
a 

in Table 6.2. Our values of <r and E are in reasonable agreement 

o a 

with those on polycrystalline CsCl samples (Harpur et.al.,1955; 
Morlin, 1966), but somewhat lower than those on single crystalline 
CsCl samples (Hoodless and Morrison, 1962; Harvey and Hoodless, 
1967). 

It is observed that the dispersion of ^^2^3 (^sCl, like in 
other alkali chlorides, enhances the conductivity (Fig. 6. 5). 
However, it is noteworthy that the dispersion of even ~5m/o Al^O^ 
in CsCl is not only sufficient to suppress the abrupt 
(discontinuous) change in the conductivity at the Bl< >B2 phase 







197 


Table 6.2 

Ionic transport parameters, the activation energy (E ) and the 

3 . 

preexponential factor (cr ), for CsCl 


* 

form 

temperature 

range 

E 

a 

(eV) 

CTq 

(ohm. cmT^ 

reference 

pc 

290-450 

0.97 

85 

This work 

pc 

300-470 

1.04 

50 

Harpur et.al,(1955) 

pc 

150-460 

1.05 

100 

Morlin (1966) 

sc 

280-470 

1.22 

2.3 X lo"^ 

Hoodiess and 
Morrison (1962) 

sc 

290-460 

1.26 

4. 1 X lO"^ 

Harvey and Hoodless 
(1967) 


pc refers to polycrystalline and sc to single crystalline form. 


transition temperature (-'470^0 but also, and more importantly, 
any change in the slope of Ino' vs T ^ linear plots. As pointed out 
earlier, (Section 6.2), the differential thermal analyses detect 
the Bl<— >B2 transition in both CsCl and CsCl-Al^O^ composites 
(Fig. 6. 2). This means that the Bl< — >B2 transition indeed occurs in 
the composite samples as well, but their both Incr as well as its 

3 

derivative d(lncr)/d(10 /T) versus 1/T curves are continuous at the 
Bl< — >B2 transition temperature (Fig. 6. 6). The conclusion is 
therefore inescapable, viz. , the conduction in the composites is 
independent of and hence unaffected by the events in the bulk CsCl 
matrix phase. These results therefore provide perhaps the most 
unambiguous evidence of the direct role of the interfaces in the 
conduction in the composite electrolytes. 

The preexponential factor (cr^) and the activation energy (E^) 
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and CsCI-10m/o AI 2 O 3 composite. 
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of various CsCl-Al^O^ composites are listed in Table 6.3. It is 
observed that there is a slight increase in the activation energy 
as the concentration of increases in the composites. It 
would appear that as the concentration of ^^ 2^3 the 
conduction is increasingly dominated by the Cs^ion vacancies, 
which have a higher activation energy (Harvey and Hoodless, 1967) 
and hence the overall activation energy increases. The data of 
Table 6.3 show once again that the activation energy is continuous 
across the Bl< — ^B 2 phase transition temperature, and hence a 
single mechanism operates in both the phases. 

Fig. 6 . 7 compares the conductivi ty~temperature behavior for 
CsCl-40 m/o ^^ 2^3 composites prepared by the (i) conventional and 
(ii) solution casting methods. Also shown in this figure are the 


Table 6.3 


The ionic 

transport 

parameters, the activation energy 

the preexponential 

factor (cr ) for 
0 

various CsCl-Al^O^ 

composites 

compositionCAl^O^) 

temperature 

E 

a 

cr 

° .-1 

(m/o) 

(v/o) 

range ( C) 

(eV) 

(ohm-cmj 

0 

0 

250-450 

0.97 

85 



500-600 

1.66 

3.1x10^ 

5 

3 

250-600 

1.01 

2 . 2 x 10 ^ 

10 

6 

250-600 

1.03 

5.6x10^ 

20 

13 

250-600 

1.06 

1 . 8 x 10 ^ 

30 

21 

250-600 

1.00 

7.5x10^ 

40 

29 

250-600 

1.22 

1 . 1 x 10 ^ 

c 

50 

38 

250-600 

1.14 

3.9x10 
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results of pure CsCl. Table 6.4 compares the normalized 
conductivity of CsCl-'40 m/o ^^ 2^3 composites prepared by the 
conventional and solution casting methods at 300, 400, 500°C. It 


Table 6.4 

Normalized conductivity icr/o'^) for CsCl-40 m/o composites 

prepared by the conventional and solution casting methods 




cr/cr 


composite type 


0 


(300°C) 

(400°C) 

(500°C) 

conventional 

9 

17 

199 

solution casting 

158 

126 

708 


is observed that the solution casting method show higher cr than 
those prepared by the conventional method. These results further 
indicate that the enhancement in cr is due to the surface induced 
defects. The higher enhancement in the conductivity could be due 
to the presence of chemical species such as water molecules which 
increases the rate of cation disorder reaction and hence the 
concentration of cation vacancies in the space charge layer at the 
matrix-particle interface . 

6.6 Summary and Conclusions: 

The CsCl-Al^O^ composites exhibit enhanced conductivity over 
pure CsCl. The combined results of the electrical conductivity and 
the DTA directly show the evidence of the existence of the space 
charge layer in the composite systems. The results are consistent 
with the Maier's space charge theory of electrical transport in 
CSEs. The composites prepared by the solution casting method show 
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conductivity values higher than those prepared by the conventional 
method which once again underlines the importance of interfaciai 
mechanism of conduction in composites solid electrolytes. 



SUMMARY AND CONCLUSIONS 


1. The DTA, XRD and SEM studies confirm that is not soluble 
in any of the seven host materials, viz., PbX^ (X = Cl, Br, I) and 
MCI (M = Na, K, Rb, Cs), and that the PbX^-Al^O^ and MCl-Al^O^ 
systems are two-phase composites. 

2. The following results suggest that the interface plays a 
critical role in the conduction in the composite solid 
electrolytes : 

(i) The dispersion of as-received Al^O^ in and MCI (M = Na, 
K, Rb, Cs) enhances the conductivity by one to three orders of 
magnitude. 

(ii) The composites prepared by the solution casting method 
exhibit higher conductivity values than those prepared by the 
conventional method. 

(Hi) The base-treated Al^O^ is more effective in the conductivity 
enhancement than the untreated one. 

(iv) The enhancement in the conductivity is larger due to 
dispersion of finer Al^O^ particles and the conductivity maximum 
shifts to higher concentrations of Al^O^ as the particle size 
increases, and more importantly. 
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(v) The conductivity versus temperature studies on CsCl-Al^O^ 
composites do not show any evidence of the B1 (NaCl) < — ^ B2 (CsCl) 
structural phase transformation which actually occurs and is 
detected by DTA at 470^C, implying that the conductivity in the 
composites is independent of, and hence unaffected by the events 
in the bulk matrix phase. 

3. The following results support the Maier' s space charge theory 
of transport in composite solid electrolytes : 

(i) While the conductivity in PbCl^ and PbBr^ decreases, that in 

Pbl^ increases due to dispersion of Al^O^. This is attributed to 

2 + 

the fact that the Pb ion vacancies are almost immobile in the 
former two salts while they are as mobile as Cl ion vacancies in 
Pbl^. Thus though their mobility is lower, the increased 
concentration of Pb'*"ion vacancies at the Pbl^-Al^O^ interface 
gives rise to a net enhancement in the conductivity. 

(ii) All the three composites, viz., MCl-Al^O^ (M = Na, K, Rb) 
exhibit enhanced conductivity which is attributable to the 
generation of excess as well as more mobile cation vacancies in 
the space charge region at the MCl-Al^^O^ interface. 

(Hi) The calculated values of the conductivity on the basis of 
space charge theory are found to be comparable with the observed 
values in the MC1~A1^0^ CM = Na, K, Rb) composite systems. 
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(iv) The conductivity versus inverse particle size (r } plots are 

A 

found to be linear within the experimental error. Moreover, the 
observed slopes agree well with the calculated ones in case of 
MCl-Al^O^ (M = Na, K, Rb) systems. 

(v) Though the mobility of Cs^ ion vacancies is lower, though 
comparable to that of the Cl ion vacancies in CsCl , the increased 
concentration of Cs^ion vacancies at the CsCl-Al^O^ interface 
leads to the enhancement in the conductivity. 

4. NaCl-(30-40) m/o Al^O^ composite prepared by the solution 
casting method show a conductivity 10 ^ ohm ^cm ^ at 300^C which 
is comparable to the conductivity of Na~^“'Al 20 ^ at that 
temperature, and hence is worth considering for further 
development and application in Na/S batteries. 
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